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NASA's Fuel-Cell Progrvn 

Ernst  M. Cohn 
Head, Electrochemical Technology P r o j e c t s  

NASA, Code RPP, Washington 25, D.C. 

The goal o f  NASA's f u e l - c c l l  program is  t o  obtain l i g h t -  
-* d-ight ,  0 dependable power sources t o  supply a v a r i e t y  of needs. 
These may include, f o r  example, communication; comnmd and control ;  
guidance; radar; image acqu i s i t i on ,  processing, and transmission; 
d a t a  handling and s torage;  l i f e  support;  experiments on environments 
and planetary surfaces;  and motive power f o r  surface-explorat ion 
vehicles .  

space-type f u e l  c e l l s  a r e  (1) the need f o r  very high r e l i a b i l i t y ,  
because chances f o r  r e p a i r  a r e  extremely l imi t ed  even on manned 
missions; ( 2 )  high energy and power d e n s i t i e s ,  because i t  costs 
between 21,COO and $5,000 t o  put a pound o f  substance i n t o  space, 
and our l i f t  c a p a b i l i t i e s  a r e  l imi t ed  while power r e q u i r e m a t s  keep 
increasing;  ( 3 )  the  space environment, where g r a v i t y  i s  absent o r ,  
on the  surface o f  p l ane t s ,  v a r i e s  from t h a t  on e a r t h ;  where r a d i -  
a t i o n  and meteoroids present hazards; where temperatures can 
f l u c t u a t e  widely; and where the re  i s  no atmosphere t o  provide 
oxygen and a c t  as a heat sink. 

temperature f u e l  c e l l ,  with an ion-axchange membrane as e l e c t r o l y t e ,  
which w i l l  power the Gemini spacecraf t  and on the  intermediate-  
temperature modified Bacon f u e l  c e l l  f o r  the ilpollo veh ic l e .  The 
former, estimated t o  c o s t  410 mil l ion ,  and t he  l a t t e r  (+28 mill ion)  
represent  the f i r s t  funct ional  uses of f u e l  c e l l s .  A t  the  time of 
t h i s  presentat ion,  i t  w i l l  have been decided whether a f u e l  c e l l  
w i l l  a lso power the luna r  excursion module o f  kpollo. These multi-  
mi l l i on  d o l l a r  programs f o r  developing f l i g h t  equipment f a r  ec l ip se  
the much more moderate research and development progran o f  K M A .  
The former a r e  the r e spons ib i l i t y  of the Office o f  Manned Space 
F l i g h t ,  the l a t t e r  of t he  Office of Advanced Research and Technology 
(OART).  

Among the m a j o r  f a c t o r s  t o  be considered i n  the design of 

As t h i s  i s  being wr i t t en ,  work i s  i n  progress on the l o w -  

I n  f i s c a l  year 1963, OAHT spen t  about $1.25 mil l ion  on 
f u e l - c e l l  p ro j ec t s  ranging from "basic" r e sea rch  t o  prototype devel- 
opment. On t h i s  occasion, I can only s e l e c t  a few examples o f  our 
xork t o  i l l u s t r a t e  the range of problems i t  covers and. t o  give you 
some o f  the reasons f o r  undertaking these p r o j e c t s .  

On a NASA g r a n t ,  Professor  Bockris and h i s  co-workers a t  
the University o f  Pennsylvania are studying the  dynamic behavior o f  
porous electrodes,  p o t e n t i a l s  of zero charge, and d i f f e rences  
between chemical and electrochemical c a t a l y s i s  , among o the r  topics.  
As p a r t  of a g ran t  f o r  work on energy conversion i n  gene ra l ,  t h i s  
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group i s  a l s o  working on the fundamentals of bioelectrochemistry.  
We thus hope t o  acquire  bas i c  information t h a t  w i l l  be use fu l  f o r  
a l l  lcinds of fue l - ce l l  systems. I s h a l l  r e tu rn  t o  biochemical fhel 
c e l l s  later.  

An i n t e r e s t i n g  hybrid between conventional b a t t e r i e s  arLd 
f u e l  c e l l s  is represented by an idea advanced by Bernard Gruber, 
who proposes t o  impregnate a dry tape with anodic ana cathodic 
mater ia l ,  one on each s i d e ,  and adding e l e c t r o l y t e  j u s t  before  
running the tape through t w o  current  co l l ec to r s .  By operat ing i n  
t h i s  manner, one can a c t i v a t e  the ingredients  immediately before  
use ,  thus making p o s s i b l e  i n d e f i n i t e  s torage as  well  as combinations 
o f  normally incompatible mater ia ls .  This work ,is w e l l  underway a t  
Monsanto and p r o m i s e s  t o  y i e l d  high-energy-density electrochemical 
power sources t h a t  may compete with both primary b a t t e r i e s  and 
primary f u e l  c e l l s .  The need f o r  s to rab le  r eac t an t s  -- for emer- 
gency use o r  energy-depot purposes -- may also be met by development 
o f  f u e l  c e l l s  t h a t  have multi-chemical c a p a b i l i t y  and might u t i l i z e  
r e s idua l  o r  excess amounts o f  rocket propel lants ,  such as  UDUE and 
ni t rogen te t roxide.  

In  devising space power systems, we must consider not only 
the power source but a l s o  the equipment t h a t  i s  t o  be run f r o m  it. 
A s  a crude ru l e  of thumb, we may assume 25% of the output w i l l  be 
needed as a l t e r n a t i n g  cu r ren t ,  25$ as  d i r e c t  cu r ren t ,  and the  r e -  
mainder as e i t h e r  AC o r  DC. Furthermore, various devices w i l l  b e  
operated at d i f f e r e n t  vol tages .  Thus, power "conditioning" i s  an  
important f ac to r  i n  considering the  e l e c t r i c a l  system as a whole. 
Kechanical and/or e l e c t r i c  puls ing o f  f u e l  c e l l s  -- now being 
s tudied on grant as w e l l  as contract  -- may y i e l d  advantages o f  
several  kinds: Longer operating l i f e ,  improved r e s i s t znce  t o  p o i -  
soning o f  c a t a l y s t s ,  lower concentration po la r i za t ion ,  and g r e a t e r  
power output from the f u e l - c e l l  ba t t e ry ;  and b e t t e r  c i r c u i t  con t ro l  
and higher conversion e f f i c i ency  f r o m  the over-all  system may be 
obtained by quasi-AC operat ion.  Needless t o  say,  such b e n e f i t s ,  
p a r t i c u l a r l y  as concerns the f u e l  c e l l  proper, might be even g r e a t e r  
i n  ground appl icat ions where hydrocarbons o r  alcohols 3re used d i -  
.._ * e u b A J  -*, _ _  gs &-&,odic - F * r r r l  .L _LLV c - 

Another t a s k  t h a t  should bene f i t  both e z r t h  and space 
appl icat ions i s  r e sea rch  on high-performance, t h i n  electrodes t h a t  
promise d r a s t i c  c u t s  i n  f u e l - c e l l  weight and volume. Over the las t  
t w o  years  o r  s o  we have progressed f r o m  perhaps 150 lb s .  per  k i l o -  
w a t t  t o  ebout 70 l b s . ,  exclusive of f u e l  and f u e l  tankage; 30 t o  
40 l b s .  per  kilowatt  f o r  f u e l  c e l l  p1v.s a u x i l i a r i e s  now appears t o  
be i n  s igh t .  

Work under way a t  Allis-Chdmers i s  d i r ec t ed  not only at 
obtaining a space-type, loil,-tempexzture, hydroden-oxygen f u e l  c e l l ,  
with an asbestos r e t a i n e r  f o r  the e l e c t r o l y t e ;  i t  i s  also concerned 
w i t h  f inding a simple and r e l i a b l e  method f o r  renoving hea t  m d  
water with the l e a s t  number o f  mechanical novine parts and Kinirnum 
need f o r  p a r a s i t i c  power. This goal should be a t t a ined  by evapora- 
t i n g  water through a c a p i l l a r y  membrane adjacent t o  the  e l s c t r o d e s ,  
the cavi ty  behind the membrane being evacuated t o  a pressure co r re s  
ponding t o  that  o f  the  vapor pressEre of the KCH e l e c t r o l y t e  at i t s  
operating temperature of about 200 F. Operabili ty o f  s x h  a 
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arrangement has been demonstrated, control  i s  simple, and tempera- 
t u r e  is not a c r i t i c a l  f ac to r .  

Primary f u e l  c e l l s ,  i . e . ,  those through which r eac t an t s  
a r e  passed once only, a r e  useful i n  space only f o r  l imi t ed  periods.  
That i s  because the product o f  power and duration (=energy) deter-  
mines the amount of f u e l  and oxidant t h a t  must be c a r r i e d  a l o f t .  
For extended missions, therefore ,  other  primary sources o f  energy 
must be used. I n  connection with solar and nuclear energy sources 
and conversion devices,  f u e l  c e l l s  may be used f o r  energy s torage,  
as secondary power sources during p e r i o b  o f  darkness ( s o l a r  primary 
power), during emergencies, a n d  during periods of peak-power demand. 
Among the several  methods o f  possible regeneration o f  r e a c t a n t s  f r o m  
products, only e l e c t r o l y s i s  and thermal treatment have proven prac- 
t i c a l  thus f a r .  Even s o ,  i t  i s  not y e t  c l e a r  whether regenerat ive . 

f u e l  c e l l s  w i l l  b e  competitive with secondary b a t t e r i e s  o r  other  
secondary conversion devices. 

regenerative f u e l  c e l l s .  One concerns improvements f o r  a low- 
temperature hydl-ogen-oxygen+cell, wi th  e l e c t r o l y t i c  decomposition 
of water. The other  i s  a K diffusion c e l l ,  i n  which potassium 
ions a re  transported through tb-e e l e c t r o l y t e  and f o r m  an amalgam at 
the mercury cathode. The amalgam i s  then decomposed, by heat ing,  
i n t o  i t s  more o r  l e s s  pure components. Whereas the former device 
appears p a r t i c u l a r l y  s u i t z b l e  f o r  use i n  connection with s o l a  
energy, the l a t t e r  could receive i t s  primary energy from e i t h e r  
solar o r  cuclear  heat .  

Eiochemical f u e l  c e l l s  captured the publ ic  imagination 
some t i m e  ago. Meanwhile, fv-rtner exploration o f  t h i s  50-year-old 
concept has indicated r a t h e r  severe l i m i t a t i o n s  o f  power densi ty  
and energy densi ty  f o r  such devices. Nevertheless, they are l i k e l y  
t o  f ind spec ia l ty  vses ,  even i f  these l i m i t a t i o n s  cannot be overcome. 
One such p o s s i b i l i t y  i s  t o  consider b i o c e l l s  as energy-saving waste 
disposals  f o r  extended space f l i g h t s ,  during which human waste must 
be reprocessed f e r  a t t a i n i n g  a closed o r  near ly  closed ecoiogy. I n  
addi t ion t o  the g ran t  mentioned e a r l i e r ,  NASA i s  supporting a three-  
fo ld  a t t ack  on t h i s  problem by sponsoring bas i c ,  appl ied,  and devel- 
opmental s tud ie s ,  aimed at f inding mater ia ls  and condi t iozs  conliucive 
t o  degradation o f  human waste. Since the power consuued i n  such 2 
device w i l l  undoubtedly exceed the t h e o r e t i c e l  -- l e t  alone the 
r ea l i zab le  -- power output,  t h i s  use o f  bioelectrochexis t ry  i s  ob-  
viously not aimed at  power production. If' f e a s i b l e ,  hoxever, i t  r a y  
prove t o  sequire  l e s s  ne t  energy input  than m.y o the r  -approach t o  
waste r e u t i l i z a t i o n .  Similar ly ,  b i o c e l l s  r i g h t  p r o f i t a b l y  be con- 
sidered as possible  means f o r  so lv i rg  problems o f  a e t e r  po l lu t ion ,  
the power produced being a welcome byproduct. 

What do we expect f r o m  space-type fv.el c e l l s ?  Our i m e -  
d i a t e  , prime considerat ions are f o r  high power 2ensi ty  2nd r e l i a -  
b i l i t y .  The Gemifii a n d  Apollo f u e l  c e l l s ,  f o r  exan!ple, w i l l  hzve 
perhnps 116 t o  1/10 the weight of the best  ava i l ab le  p r i ca ry  b a t -  
t e r i e s  t h a t  a r e  capable of del iver ing the same t o t a l  zxour l t  o f  
energy. 
nauts ,  an add i t iona l  bonus not avai lable  f r o m  b a t t e r i e s .  

A t  present ,  we have two e f f o r t s  under way on secondary o r  

Furthermore, the product water \*:ill be used by the  astro- 
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Other requirements may become a s  important o r  even more 
s o  f o r  d i f f e r e n t  space appl icat ions.  Longevity and ease of main- 
tenance, f o r  example, coulc! well  be the  desiderata f o r  f u e l  c e l l s  
vsed a t  a lunar  s t a t i o n  o r  depot. Ease o f  packaging, s to r ing ,  and 
converting chemicals t o  a c t i v e  spec ie s  (say,  hydrogen and oxygen) 
may determine what types of f u e l  c e l l  w i l l  look m o s t  proxising f o r  
propulsion on the moon o r  f o r  powering space s u i t s .  

f o r  a p a r t i c u l a r  t a s k ,  we expect t o  see a much higher degree o f  
soph i s t i ca t ion  i n  the mode of operation o f  f u e l - c e l l  systems. 
Increasing a t t e n t i o n  i s  already being d i r e c t e d  toward optimization 
o f  con t ro l s  and operating conditions.  Each system m u s t  be o p t i -  
x ized i n  such a way as t o  take advantage o f  the leeway permitted 
by i t s  s i z e ,  components, and operating va r i ab le s .  

systems o f  which they w i l l  be p a r t s .  I already mentioned b i o -  
chemical f u e l  c e l l s  as being primary chemical r eac to r s ,  and the 
Gemini and Apollo f u e l  c e l l s  as  being sources of yotzble water. 
Not only byproduct chemicals, but a l s o  byproduct heat  could be use- 
f u l  i n  some cases.  Once we have r e l i a b l e  information about the 
composition o f  the lunar surface,  we may need t o  develop f u e l  c e l l s  
p a r t i c u l a r l y  s u i t e d  f o r  l una r  purposes and independent o f  suppl ies  
from ear th .  

A p a r t  f r o n  requir ing a v z r i e t y  o f  f u e l ,  each optimized 

Fuel c e l l s  w i l l  have t o  become t r u l y  in t eg ra t ed  i n t o  the 

T h i s  necessa r i ly  incomplete discussion of  I A S A ' s  f u e l -  
c e l l  program w i l l  g ive you a f ee l ing  f o r  the  d i f f i c u l t i e s  we face 
and the methods we use i n  attempting t o  overcome them. Vi r tua l ly  
a l l  of t he  information thus obtained should be equally as use fu l  
f o r  earthbound as f o r  space-type f u e l  c e l l s .  Thus, we hope not 
only t o  solve a p a r t  o f  t he  space power problem, but a l s o  t o  con- 
t r i b u t e  d i r e c t l y  t o  t h e  advancement of f u e l - c e l l  technology t h a t  
w i l l  benefi t  o u r  economy. We a r e  very nuch i n t e r e s t e d  i n  your 
comments on our program a n d  melcome your i d e a s  and suggestions 
f o r  f u l f i l l i n g  our t a s k ,  which i s  t o  provide NASA with r e l i a b l e ,  
optimized fue l - ce l l  power tha t  w i l l  be a o p l i c a b l  P t n  many A i  ffel-ent. 
j obs  under a g r e a t  v a r i e t y  of space and planetary conditions.  
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FUEL CELL ELM;TRoDFS FOR ACID MEDIA 

Walter G. Taschek 

U. 6. Amy Electronics Research and Developnent Laboratories 
Fort MOrmrOUth, N. J. 

The long range goal of fuel ce l l  research is the developnent of fuel  c e l l  
batteries operating directly or indirectly on inexpensive fuels, e.g., hydrocarbons, 
and air 88 t he  oxidant. The batteries must operate at high efficiency a t  practical 
current densities and have long operational l i f e  if they are t o  compete with present 
forms of power generation. The batteries must employ electrolytes which are not 
affected by carbon dioxide. For this approach, acid electrolytes are mandatory. 
Consequently, a part, of our program is concerned with liquid acid electrolytes. 
Also, the developnent of an efficient sir cathode operating under these conditions 
is necessary. 

and vas reported a t  the 16th Anrmal Power Sources Conference in 1!362.?') It was 
found that  by mean6 of a new preparation technique f o r  catalyzed, activated carbon 
electrodes, wetproofed with -in, high performance of hydrogen anodes and oxygen 
cathodes could be obtained. The effect of electrolyte concentration on performance 
was investigated with 3N, 6 ~ ,  and lON sulphuric acid. L i t t l e  change in performance 
v 8 ~  observed. 
electrodes, a peculiar effect was obsenred. This effect is sham i n  Figure 1. By 
increaeing the  current density over 8 mA/a$, a decrease in polarization was observed. 
However, tes ts  with c a r e m  tempersture control eliminated this  behavior termed 
"Hea t  Effect". The l i f e  of the paraffin wetproofed electrodes was short. 
tes ts  made with Teflon wetproofed electrodes shared performances close t o  that of 
paraffin wetproofed electrodes. 

O r i g i n a l  work was conducted on " E g e n  and Oxygen Electrodes f Acid Media," 

In  meaeuring the electrochemical characteristics of t h e  oxygen 

I n i t i a l  

In  continnation of this work, investigations have been conducted on hydrogen, 
oxygen, and a i r  electrodes operating in liquid, acid media. 
preparation techniques have been used, employing paraffin and Teflon a13 wetproofing 
agents. !Phe electrochemical performance of the electrodes has been measured over 
extended periode of operation. 

-on Ccmpuy, grade n16, dimensions 1 x 1 x 15 inch. 

Various electrode 

The carbon electrodes used in these investi tions were supplied by Speer 

The prepamtion techniques used most extensively were: 

A. Paraffin Treated Electrodes 

(1) Activation: The r a w  &on electrodes were weighed and then f i red 
in a carbon dioxide atmosphere a t  800'~ fo r  8 minutes. After that, the electrodes 
were cooled in  a stream of carbon dioxide t o  prevent air  oxidation of the hot 
carbon. Finally, the electrodes were weighed and t h e i r  w e i g h t  loss calculated. A 
7 - 10% weight loss was desired. 

(2) wetproofing: The activated carbon electrodes were immersed in a 

The electrodes were then dried by drawing 
This vas accaplished by me~u18 of a 

wetproofing solution for 1/2 hour. 
psrefpin per 100 m l  of petroleum ether. 

through the pores fo r  severalhrurs. 

The wetproofing solution contained 2 g of 
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water aspirator. The activated and wetproofed electrodes were then ready for 
catalyzation w i t h  platinum. 

(3) Catalyzation: A solution of E$tCl6*%O was prepared containing 
frun 50 - 100 mg of platinum per ml of solution. The v o h e  of solution which WEE 
necessary t o  cover the electrodes with 2 mg platbum per sq cm of geometric electrode 
surface was measured.  
was then applied t o  the surface of the hot electrode: wlth a brush. 
electrodes were  placed in a vacuum oven at 150 - 175 C for several hours. 

The electrodes were heated in an oven at 200%. The solution 
Finallg, the 

B. Teflon Treated Electrodes (Teflon Applied by Dmersion) 

(1) Activation: Same as wlth paraffin treated electrodes. 

(2) wetproofing: The activated electrodes were innnersed for 15 minutes 
1 i n  a dispersion of Teflon in water, containing 10 m l  of Teflon 41-BX per 100 m l  of 

water. 
with dis t i l led water. The electrodes were then dried like in the case of psraffln 
wetproofing. 
particles i n  an aqueous m e d i u m  of pH 0 10. The average size of the resin pasticles 
is a@jt 0.2 micmm. The dispersion was obtained from E. I. W o n t  de lwmours, 
InC . 

Prior t o  drying, the excess of Teflon resin was rinsed from the carbon surface 

Teflon 41-BX is a Fluorocarbon resin of hydrophobic negatively charged 

(3) Catalyzation: Same as with paraffin treated electrodes. 

Teflon Treated Electrodes (Teflon Applied by ELectrodeposition) 

(1) Activation: Same as with paraffin treated electrodes. 

(2) Wetproofing: An activated electrode vas placed in the electro- 

C. 

deposition bath containing 4 ml Teflon 41-BX per 100 ml water. 
diagram of t h e  electrodeposition apparatus. A Dc power supply connected to a 
variable resistor served as the s m e  of current. The electrode t o  be wetproofed 
was the anode (+) and a platinum s t r i p  was the cathode (-). 
appUed across the electrodes and the resulting current was about 65 mA. 
between the anode and cathode was 1 t o  2 inches. Mrect current passing through the 
dispersion of Teflon 41-BX caused the negatively charged dispersed particles to  
migrate taward the positive carbon anode by electrophoresis. The particles were 
discharged and deposited there. The only occurrence at the platinum cathode was the 
evolution of hydrogen gas. It was observed that a heavier deposit or  Terion was 
fonned at the carbon surface facing away fmm the cathode. 

surface lean of Teflon deposits was catalyzed. 

electrolyte used in all t e s t s  was 5N sulphuric acid. A l l  cel ls  were operated at 
mom temperature. Cas pressures of hydrogen, oxygen, and air were maintained at the 
bubble pressure of t h e  electrode. The bubble pressure was defined as the minimum 
pressure rewired t o  maintain visible bubbling a t  the electrode-electrolyte interface. 
The interrupter technique describ 
IR drop in potential 1neasurements?3? A saturated calmel electrode was used as the 
reference electrode. 

Figure 2 shows a 

A patential of 6 V was 
The distance 

(3) Ca-ation: ~ a m e  as with paraffin electrodes. The carbon 

A dlagmn of the c e l l  used t o  t e s t  electrodes is shown in Figure 3. The 

y Kordesch and Mark0 wa8 used t o  eliminate the 

Anequation was found that described the polarization behavior of the oxygen or 
air  electrodes. The equation is given by: 

(1) log? = log a + log 1 

3 is the polarization in volts, 1 is the current density i n  amps per square centi- 
meter, and a and b are constants of the equation. We equation was found t o  be valid 
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i n  the range of current densities from 5 x Its validity could 
be established for 19 out of 21 current voltage curves using various electrodes. The 
log-log plot of the polarization versus the current density was obtained by super- 
imposing the measured potential values on the polarization ordinate (Figure 4) and 
assigning an arbitrsry open circui t  potential of 1.1 volts for oxygen and air 
electrodes va the standard hydrogen electrode. We used an arbitrary open circui t  
potential since the experimental open circuit potentials a re  d i f f i c u l t  t o  reproduce 
from one electrode t o  the next. The range of the experimental open circui t  potentials 
observed was about 0.8 volts t o  1.1 volts. This range is  probably caused by mixed 
potentials whose value depend on various factors. The reversible open circui t  
potential of 1.229 V was not chosen bec 

t o  10-1 A/&. 

e related investigations indicate the 
presence of another reaction mechanism. rJ3 

The epustion (1) can slso be expressed in the exponential fow: 

Dividing both sides of the equation by i results in: 

Grouping aib'' and set t ing it equal t o  t h e  variable term q, the equation is then 
arranged in the following form: 

R i  is a variable term that is a fuaction of t e current density i. 
sidered as an over a l l  "Reaction Resistance".t5) 

R i  can be con- 

In Figure 5 a conventional Tafel plot is compared w i t h  a log? v6 log i plot 
representing a typical s e t  of data. It can be Observed that there is no straight 
l ine portion i n  the Tafel plot. 
is valid for practic 1 ranges of c w n t  density. Deviations ccur below current 
densities of 5 x lo-' and above current densities of 10-1 A/cm'. For low polari- 
zations, sma l l  errors in  experimental measurements are  magnified due t o  the structure 
of the log-log plot. Above 10-1 A/&, apparent effects of high concentration 
polarization are observed. 

The log? vs log i plot shows that equation (1) 

Determination of the constants a and b in equation (3) shows that law 
polarization is associated with low 
one. 
of 5, 5, and the limiting current density I1 are tabulated in  Figure 6 shoving the 
differences arising from different preparation techniques. The table was canpiled 
from nine t r i a l s  of A, four triala of B and four t r i a l s  of C. No significant 
deviations were observed in  average a values for  the three preparation techniques, 
although there was considerable varc t ion  in  these values from one electrode t o  the 
next. 
showed higher5 values and more variation frm one electrode t o  another. However, 
technique C was connected with strong effects of concentration polarization above 
current drains of 50 mA per sq cm. 

valuTs and high 5 values for g values less than 
No g values greater than one were observed. The high, low, and average values 

Close agreement was found in  all b, values for techniques A and B, but C 

The hydro n electrodes tested showed low polarization in the order of 50 mV 
up t o  100 mA/s. No limiting current densities could be observed over the range of 
current dens i t y  invest igat ed . 
Teflon treated electrodes. The electrodes were operated for 8 hours per day. 
Figure 7 s h m  the results. 
performance over all periods of operation. 

Life tes t s  were conducted on hydrogen and oxygen electrodes with paraffin and 

Life t e s t s  of hydrogen electrodes showed nearly constant 
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With Teflon treated m g e n  electrodes, over 850 houra of operation vere obtained 
at 10 m ~ / &  without loss i n  perf~rman e. previously with paraffin treated electrodes, 
only 80 h o w  of operation at 10 */a# were obtained before the oxygen cathode 
failed. 
electrodes showed a sharp rise in performance. This potentlal jump fraan 0.52 V t o  
0.76 V VB S.H.E. resulted from an increase of the oxygen gas pressure from 0.13 ah .  
t o  0.35 atm. A t  the start of the test the bubble pressure for the oxygen electrode 
waa 0.13 a h .  This pressure vas maintained for 230 hours of operation. It vas then 
observed that the bubble pressure rose t o  0.35 atm. 
stable from 296 t o  850 hours of opercltion. 

It nas observed that af ter  230 hours of operation, the Teflontreated 

The bubble pressure then remined 

From these results it I 6  evident that at relatively lov draw of 10 .A/&, 
Teflon wetproofing does not impede the electrodes performance, but increases the U f e  
of the electrodes considerably over t h a t  of paraffin wetproofed electrodes. 

w e r e  tagen at 0, 296, and 800 hours. Figure 8 shows the curves for the oxygen 
electrodes in a logll v8 log 1 plot. The curves show that a values decreased, b_ 
values increased, and I1 values increased during the course of the U f e  test. This 
meam an increase in perPornrrnce vith aging of the electrode. 'phis can be expected 
since the Teflon w e t p f i n g  initially prevents the electrolyte fram making extended 
contact wlth the electrode eurface. As the U e  t e s t  continues, the electrode surface 
becomes more wetted and the performance improves. This can be seen from the table i n  
Pigure 8. 
values is observed froan 0 t o  -- hours. After that, l i t t l e  change in thzse values 
vae observed. 

Further, current voltage curves vere taken for air cathodes and ccanpared with 
curves obtained wlth plre oxygen cathodes. PamfYin and Teflon treated electrodes 
were used. 
Then, after thomughly flushing the cathode wlth alr for several hours, the second 
current-voltage curve was taken of the hydrogen-& cell. 
Figare 9. 
The perfonaance of the Teflon treated electrode decreased only slightly when air was 
used Instead of oxygen. 
waa poor. 

In  conclueion, 

In  sddi t ionto the constant perfonname tes t ,  complete current-voltage curves 4 

A decrease in the a value and a considerable increase in the b and I1 

First, a current-voltage curve v a  taken of the hydrogen-omgen cell .  

The results are shown in 
I n  both cases the oxygen electrode performedbetter than the air electrode. 

In t he  ca8e of the paraffin wetproofing, the a i r  perfozmance r 

1. paraffin wetproofed electrodes show high initial. perPonuance, but do not 

2. Teflon wetproofed electrodes (by immersion) show excellent l i f e  charactep 

have long life. 

I s t i c s  without loss of electrochemical perfolmrsnce. 
f o r  current h i t i e s  up t o  10 m~/cm2. 

at law current demities, but have low limiting current densities. 
electrodas has not been established. 

by the eqUatiOn log? = log a + b log I. The equstion ya8 found t o  be valid for the renee of current denelties Investigated. 

RamREucB: 

1. mch&, W.O., Wynn, J.E., "+ and O2 EZectmdes for Acid Media" proceedings of 
the l6th 

This has been established so far  

3. Teflon Vetproofed electrodes (by electrodeposition) show high performance 
L l f e  of the 

4. It y88 found that the polarization of oxygen electrodes can be described 

Power sources Conference (1962). 
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2 .  "Teflon", Id. Bull. NO. x-916, Polychemicals Dept., E. I. W o n t  de NemoUrS & CO., 
( Inc ), wilmington, ~ e ~ a w a r e .  

3. 

4. 
Acid Electrolytes," 
Michigan, Oct 61, Extended Abstract No. 25 of Battery Mvision. 

5. 

Kordesch, K., Marko, A., J. El. man. SOC., 107, 6, 480 (1960). 

Wynn, J.E., "A Study of the Cathodic Reduction of Oxygen at Carbon ELectrodes i n  
presented at the Electrochemical Society Meeting, Detroit, 

Hunger, H., Marko, A,, Paper 275 K / U ,  5th World Power Conference, Vienna, 1956. 

n aeparat ion a a b b I1 (A/c&) 11 (A/& 
Technique Average Average Average 

A 0.72-1.10 0.90 0.12-0.145 0.13 0.07-0.3 0.19 

B 0.87-1.05 0.96 0.13-0.14 0.13 0.08-0.2 0.U 

C 0.59-1.15 0.89 0.13-0.22 0.18 0.05-0.1 0.08 

Figure 6 
Tabulation of a, b, and 11 Values 
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ELECTROCHEMICAL CHARACTERISTICS O F  GRADED POROSITY 
CARBON ELECTRODES* 

Edward A. Heintz, Ronald W. Marek and William E. P a r k e r  

Research and Development Laboratories,  Speer Carbon Company, 
A Division of Air Reduction Co., Inc., Packaid Rd. and 47thSt., 

Yiagara Fal ls ,  N. Y. 

INTRODUCTION 

F o r  the past several  years  Speer has  conducted a comprehensive investi- 
gation of porous carbon electrode mater ia ls  for  use in fuel cells. 
information obtained f rom this study has been presented in var ious repor t s  and 
papers (1-9). 
for  fabricating, f rom given formulations, carbon materials in which permeability 
and macropore distribution can be consistently and predictably var ied over wide 
ranges. 

Much of the 

One result  of this pr ior  work has been the development of techniques 

A logical extension of this finding was to prepare carbon electrode 
mater ia ls  which exhibit a pore size gradient across  their  thickness. 
refinements of the techniques, bodies have been fabricated which contain a pre- 
chosen number of layers  of selected pore s ize  distributions. 
these s t ra ta  and their  mutual compatability during processing i s  remarkable.  
avoid extraneous variation, all l ayers  of each sample a r e  taken f r o m  the same 
formulation and, indeed, f rom the same basic mix. 

By fur ther  

The evenness of 
T o  

The physical properties of these carbon electrodes and their  electro- 
chemical character is t ics  in fuel cell operation a r e  presented.below. 

EXPERIMENTAL 

Electrode Preparat ion 

A formulation of petroleum coke and coal t a r  pitch was selected for the 
initial fabrication of these novel materials.  A lignon sulfate derivative marketed 
under the t rade name Orzan was used a s  an additive. 
a means of increasing the porosity of the baked carbon through exfoilation during 
the baking process.  
crushed to desired s ize  when cooled. 
even layers  in a molding die in the chosen sequence and thickness. 

The la t te r  i s  employed as 

The mater ia ls  were intimately mixed at  135°C. and then 
The sized materials were then placed in very 

All samples were 

* This  work has  been partially supported by USAELRDL, Power Sources Branch, 
F o r t  Monmouth, New Jersey.  
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then molded and baked under uniform conditions to yield electrodes of two of three 
zones of predictable permeability and macropore distribution. 
per t ies  of these samples  a r e  given in  Table I. 

The physical pro- 

Samples 1-Pt  through 3-Pt were fabricated in s imilar  fashion except that 
2 m g  of platinum black per square centimeter of geometrical surface were added to 
the zone marked with an aster isk.  
identical to the f i r s t  set. 

These mater ia l s  were processed under conditio& 

' Samples 1-Ch through 3-Ch of Table I were identical to Samples 1 through 
12 except for  substitution of a hardwood charcoal for the petroleum coke used a s  the 
filler mater ia l  in order  to obtain very porous, hydrophillic mater ia ls .  The contact 
angle with water, given in Table I, is a measure  of the hydrophillic, i. e., wetting, 
character  of the mater ia l ;  
It is readily seen that the charcoal mater ia ls  a r e  both quite porous and hydrophillic. 

the lower the angle the more  hydrophillic the material. 

Electrochemical Evaluation 

Polarization character is t ics  of carbon electrodes have been determined 
with the laboratory hydrogen-oxygen fuel cell previously described (IO). The entire 
system was reduced to thermal  equilibrium a t  25.0 2 0. 2°C. prior  to measuring the 
electrode polarization in o rde r  to remove temperature  dependent processes  f rom 
consideration. Sulfuric acid (3.0 _N ) was employed a s  the electrolyte. 
preparation procedure was varied only in the application of wetproofing where desired. 
Some electrodes were wetproofed by treating with a solution of 2 g. paraffin per 100 
ml petroleum ether (b. p. range 30-60'C. ) and allowed to dry in a i r .  
l y  followed by catalyzing with 2 mg. platinum black per  square centimeter of geo- 
metr ical  surface a rea  a s  recommended by Taschek (1 1). 
applied, the pre-treatment proceeded directly to  the catalyzing step. 
of electrode mater ia ls  was employed so that the possibility of masking the effects 
and interactions of electrode process  variables, r a w  mater ia ls ,  etc., could be 
obviated. 
with the aqueous electrolyte. 

The electrode 

This  was normal- 

Where no wetproofing was 
No activation 

The electrodes were studied with a one-inch by one-inch surface in contact 

A modified Kordesch-Marko bridge circuit (12) was constructed for  inter- 
rupting the current  during measurement  of the electrode potential. 
c i rcui t  provides for  the measurement  of combined polarization due to activation and 
concentration by eliminating the influence of resis tance polarization. 

This  bridge 

DISCUSSION OF RESULTS 

Gas  Prespure Studies 

The pressures  of hydrogen and oxygen were varied so that the electrical 
output could be determined as a function of gas  pressure.  The maximum pressure  
used was just less  than that needed to cause rapid continuous gas bubbling from the 
surface of the electrode. 
facing the electrolyte and the gas involved. In this  work that quantity has  been termed 
the "bubble pressuref t .  
studied is summarized in Table I which shows that a variety of two- and three-layered 
mater ia l s  have been prepared. 

The maximum pressure  varied with the particular surface 

The description of the porosity gradients for  the mater ia ls  

Some have a very coa r se  zone on one face which de- 
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creases  to a finer zone on the  opposite face; 
"uniformly fine"; and some have a coarse  zone sandwiched between two fine zones 
or  vice versa.  
(C)side facing the electrolyte. The f i r s t  six materials listed in Table I were also 
tested in the experimental fuel cell  in both a wetproofed (WP) and non-wetproofed 
(NWP) condition. 

some a r e  "uniformly coarse"  o r  

Each mater ia l  was evaluated with both the "fine" (F) and the "coarse" 

The next twelve materials were tested only in the non-wetproofed 
condition. 

The observed current  density at 0. 3 volt polarization and the bubble 
pressure  appear to vary with the surface facing the electrolyte and the application 
of wetproofing to the electrode material. These data a r e  summarized in Table 11 
for the samples 1 through 12. 
usually yield a higher current  density at a lower fuel gas, p ressure  when the finer 
porosity zone faces the electrolyte. 

Sample 6 the non-wetproofed fine zone y i e l d s  higher current densit ies on the fine 
side. This  could be interpreted a s  evidence of increased available active carbon 

is the most "un i fo rmly  fine" mater ia l  (or  perhaps most like a standard, non-graded 
electrode) and in this case wetproofing due to  paraffin was found to be beneficial. 

I 
i 

t 

In a non-wetproofed condition, the graded electrodes 

In al l  but one case (Sample 6). it is seen that 
better performance is attained when the mater ia ls  a r e  not wetproofed. 

surface together with improved catalyst proximity to  this active surface.  Sample 6 

Even in 1 

<! 
,I 

Another possibility is that the wetproofing treatment inhibits the total 
contact of catalyst with the electrode and electrolyte due to  the fact that  part of the 
catalyzing treatment involves a reheating of the electrode to a temperature  well 
above the melting point of the hydrophobic agent (paraffin). During the heat t reat-  

while the paraffin is molten, it is probable that a fraction of the catalyst is 
a lso wetproofed. If this occurs,  then the wetproofed, cat+dyzed electrode can be 

A 
1 
1 

1 
! 
J 

1 
- ?  

4 

ment. 

regarded a s  l e s s  active than a non-wetproofed, catalyzed electrode and may  even 
result  in a somewhat different electrochemical response. To tes t  this  hypothesis 
the following ser ies  of experiments were performed: A ser ies  of 5 m m  carbon discs 
f rom the same bulk sample and prepared from identical mater ia ls  a s  the graded 
porosity electrodes were sealed into the end of a glass tube. An electr ical  contact 

The tube was con- was made on the inside of the tube to the surface of the carbon. 
nectea to a source oi oxygen ana piaced into a 3 E suiiuric acid tiuiuiiun QI ydri uf 
conventional polarographic system in which the carbon discs were the working elec- 
trodes. 
escape from the carbon disc  into the solution at a rate no greater  than once every 

Oxygen pressure  was then applied so that a bubble of oxygen was allowed to 

5 seconds. The potential was then scanned in  a cathodic direction using a Sargent 
Model XXI Recording Polarograph over the range to. 3 to -1.2 v E S.  C. E. Four  
different electrodes were used: (1) an untreated carbon electrode, (2)  a catalyzed 
but non-wetproofed electrode, (3) a catalyzed and wetproofed electrode and (4) an 
electrode which was only wetproofed. The f i r s t  material  gave E1/2 values which 

1 

corresponded to  the reduction of oxygen to  peroxide and the reduction of peroxide to 
hydroxide. The second mater ia l  was so active that the size of the disc  had to  be cut 
down to 2 m m  diameter in o r d e r  to hold the current response on scale  for  the same 
two reductions. Electrode No. 3 gave only a poorly defined response for  the second 
reduction, the f i rs t  being entirely absent. 
tion a s  the only electrode reaction. 
the polarographic response. in probably the same manner in which the fuel cell process 
i s  retarded. Wetproofing is thus to be detrimental to optimum electrochemical per-  
formance. However, some exceptions to this behavior have been noted, as was seen 
for  Sample 6, above, where the wetproofed sample showed a better electrochemical 

d 

The las t  material  showed hydrogen evolu- 
The presence of the wetproofing mater ia l  inhibited 
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response. 
electrochemical performance. 
proofing step from the evaluation of all remaining graded porosity electrode 
mate rials. 

In all other samples wetproofing has a definite inhibiting effect on 
Because of this, it was decided to omit the wet- 

One interesting interpretation of these resul ts  can be made by utilizing 
the capillary transport  theory proposed by Hunger (13). It is postulated that the 
force (i. e., pressure,  p) needed to move the gas through a wetproofed capillary 
(Le . ,  pore) can be expressed a s  a function of the radius ( r )  of the pore, the surface 
tension (d) of the electrolyte and  the contact angle ( e) of the meniscus formed be- 
tween the electrolyte and the porous body. This relationship i s  expressed by a form 
of the Washburn equation (14) 

(1) 
2 d c o s  e 

P =  

When "p" i s  the maximum pressure  which can be applied to the porous 
body while still maintaining some electrolyte within the capillary, i. e.,  the bubble 
pressure.  then a limiting value of the pore radius, r, can be calculated for  a 
par t icular  carbon electrode mater ia l .  The resukfs of such a ser ies  of calculations 
fo r  the f i r s t  twelve graded porosity mater ia ls  listed in Table I a r e  given in Table III. 
A comparison of these calculated pore radii with predicted pore diameter range pre- 
sented in Table I leads to some interesting conclusions. 
comparison of the predicted and calculated pore s izes  that the position of the reaction 
interface, i. e. , the common point in the inter ior  of the electrode mater ia l  where the 
gas, electrolyte and electrode meet, var ies  f rom one electrode mater ia l  to  another. 
In some cases  the electrolyte apparently diffuses well into the body of the electrode 
mater ia l  as i s  shown by mater ia ls  1-WP. 2-WP, 3-WP, 6 - W P  and 1-NWP in which 
the calculated limiting pore radi i  appears not to be in the zone facing the electrolyte, 
but, ra ther  into the middle o r  opposite outer zone. In most cases  i t  is also apparent 
that the reaction interface is  not on the apparent surface of electrode mater ia l  but 
well within the body of the electrode. F o r  the non-wetproofed mater ia ls  it is  interest- 
ing to note that the calculated limiting pore radii a r e  smaller  when the finer zone faces 

Iv.:- *..A" 4 -  A" & - * - -  C I U C  

for  all the materials save Sample 1 which shows the opposite effect. 
mater ia l s  a r e  wetproofed. however, it would appear that the paraffin tends to close 
some of the smaller  pores  on the f iner  zone as most of the calculated limiting pore 
radi i  a r e  l a rge r  than, o r  about the same magnitude as ,  the values obtained for  the 
coa r se r  zone. For those mater ia ls  which have not been wetproofed the position of 
the reaction interface depends on the material .  
that when the fine zone of Sample 1 i s  facing the electrolyte the limiting pore radius 
is 15.35rindicat ing that the reaction interface i s  a t  l eas t  in the middle zone o r  at  
the interface between the coarser  and middle zone. When the coarser  side faces the 
electrolyte the limiting pore radius decreases  to an extent that the reaction interface 
mus t  be in the fine zone. 
into the f iner  zone to  react  with the fuel gas. 
faces  the electrolyte, the presence o r  absence of a hydrophobic paraffin coating makes 
little difference with respect  to  the position of the reaction interface. Apparently, the 
interface location is  a function of the diffusability of both the fuel gas the the electro- 
lyte, a s  well a s  the fac tors  given in Equation 1. 
mater ia l  is easily wet by the electrolyte a s  evidenced by the l o w  contact angles (F-28". 
C-77'). 

It is apparent, f rom the 

' 

t h p  e b c c r Q ! y ~ c  +a .?At" the CcJ-.d== ---e is i- *L- ...." -,.--*:-- *"u..."'6 ---:4.:-- y""'.."'.. 

When the 

Referring to Table III, i t  i s  apparent 

Thus the electrolyte appears  to diffuse through two zones 
F o r  Sample 1, when the coarse  zone 

In the case  of Sample 2 the untreated 

When the mater ia l  possesses  a hydrophobic fi lm on the surface, however, - 
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TABLE III 
Electron Change (An) Values and Calculated Limiting P o r e  Radii 

fo r  the Oxveen Electrode 

I 

5 

a 

1 

Sample+ 
I-F-WP 
1-c-WP 
2-F-WP 
2-G-WP 
3-F-WP 
3 - c - W P  
4-F-WP 
4-c-WP 
5-F-WP 
5-c-WP 
6-F-WP 
6-C-WP 

I-F-NWP 
I-C-NWP 
2-F -NW P 
2-c-NWP 
3 -F -NWP 
3 - C - NWP 
4-F-NWP 
4-C-NWP 
5 -F -NWP 
5-C-NwP 
6-F-NWP 
6-C-NWP 
7-F-NWP 
7-C-NWP 
8-F-NWP 
8-C-NWP 
9 -C -NWP 
10-F- NWP 
11-F-NWP 
11 -C-NWP 
12-F-NWP 
12-C-NWP 

Limiting 
Pore  Radius * 

5.56 
4.17 
5.45 
4.18 
4.12 
4.10 
4.06 

21.20 
8.08 

14.00 
8. 60 
4.93 

15.35 
3.41 
1.30 
9.18 
2.76 
6.33 
I. 76 
6.85 
3.32 
9.95 
1.77 

20.60 
5.50 

2.40 
7.83 
6.40 
1.79 
3. 72 

Bubble EO 
P r e s s u r e ,  a t  1 a t m  

atm. 
0.0730 
0.0975 
0.0745 
0.0970 

0.0900 
0.1000 
0.0191 
0.0502 
0.0290 
0.0471 
0.0825 

0.0199 
0.0972 
0.1005 
0.0360 
0.0354 
0.0523 
0.0740 
0.0480 
0.0380 
0.0333 
0.0645 

0.0707 

0.0540 
0.0420 
0.0515 
0.0725 
0.0311 

0.0985 

0.0248 

12.26 0.0260 
1.36 0.0855 
7.00 0.0468 

*F signifies fine side facing electrolyte; 
Average Eo = 0.832 v s  N. H. E. 

+NNB = Non Nernstian behavior 

+ v s  NHE An 
NNB - -  

0.797 
0.810 

-- 
- -  
- -  

0.785 
0. 782 
0.808 

0.832 
0.786 

0.737 
0.843 
0.817 
0.765 

- -  

--  
- -  

0.832 

0.970 
1.025 

0.730 
0. 772 

- -  

- -  

- -  
0.793 

0.887 
0.789 

0.929 

0.985 

- -  

--  

3.38 
2.27 

NNB 
NNB 
0.83 
3.48 
2.27 
NNB 
0.75 
2.82 

2.20 
4.18 
2. 56 
1.42 
NNB 
NNB 
3.87 
NNB 
0.94 
0.89 
NNB 
1.42 
1.59 

NNB 
2.60 
0.76 
0.92 
4.20 
NNB 
0.77 
NNB 

-- 

0. c. v. 
HZ 0 2  

-0.026 0.886 
-0.043 0.816 
-0.034 0.905 
-0.039 0-770 
-0.028 0.878 
-0.046 0.666 
-0.039 0.859 
-0.031 0.811 
-0.022 0.842 
-0.023 0.869 
-0.014 0.855 
-0.016 0.889 

-- 

-0.017 0.857 
-0.035 0.845 
-0.020 0.929 
-0.018 0.827 
-0.017 0.944 
-0.034 0.904 
-0.027 0.928 
-0.042 0.939 
-0.040 0.879 
-0.025 0.939 

-0.017 0.859 
-0.016 0.897 

-0.019 0.934 

-0.021 0.976 
-0.027 0.947 
-0.020 0.900 
-0,011 0.811 
-0.019 0.769 
-0.026 0.781 
-0.008 0.848 
-0.030 0.845 

C coarse  side, See Table I 
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there  appears  to be deeper  penetration of the electrolyte f rom the fine side than 
when this f i lm is  absent. The small  limiting pore radius of 1 .30pis  well within 
the 3-4 
This  low limiting pore radius indicates that the reaction interface is apparently 
at o r  just  under the geometrical  surface, in the fine zone. 
phobic fi lm present in wetproofed mater ia ls  i s  not the only controlling factor  in- 
fluencing the diffusion of the electrolyte and the position of the reaction interface. 
Sample 6 gives a very unusual limiting pore radii for both i t s  fine and coarse  
zones. When the fine zone faces  the electrolyte it i s  quite apparent that the re- 
action interface can only be in the fine zone. When the coarse  zone faces the 
electrolyte the calculated l imiting pore radius is la rger  than the pores  expected 
to  be present in the material. 
of the electrode o r  the mater ia l  has  developed unusually large and unexpected pores 
during fabrication. 
sistent with the pore s i z e  of the zone facing the electrolyte. 
and 10 a r e  made up of a i ine zone sandwiched between two identical coarse  zones 
and a coarse  zone sandwiched between two identical fine zones, respectively, it  is 
impossible to determine which zone contains the reaction interface. 

diameter range expected for  the unwetproofed fine zone of Sample 2. P .  . .  

Apparently, the hydro- 

Either the reaction i s  occurring at the "real  surface" 

Samples 7 through 12 show limiting pore radii  which are con- 
Because Samples 9 

It has been suggested (15) that the concentration of the catalyst  in a pre- 
ferential  location within the body of the material  may influence the observed variation 
of the position of the limiting pore radius. 
mater ia ls  duplicating Sample 1 were prepared in which 2 mg. of platinum black per  
square centimeter of geometrical  surface a r e a  was added to one zone pe r  sample. 
These mater ia ls  were then examined in the fuel cell in the same manner  as the 
other graded porosity mater ia ls .  If the location of the catalyst exer ts  a preferen-  
t ia l  effect then the calculated limiting pore radius should be in the range of the zone 
which contains the catalyst. Sample 1 was chosen because i ts  th ree  zones represent 
a coarse,  medium and fine porosity. 
Table IV in which Sample 1-Pt contains the catalyst in the coarse  zone, Sample 2-Pt 
contains the catalyst in the middle zone and Sample 3-Pt has the catalyst  in the fine 
zone. The results a r e ,  at  best ,  inconclusive a s  to the relationship between limiting 
pore radius and catalyst position. 
pore radius and thus the reaction interface i s  not in the fine zone, regardless  of 
which side faces the electrolyte. 
radius leave considerable doubt a s  t o  whether the reaction interface is in the coarse 
(outside) o r  middle zone. 
interface appears to depend on which side of the electrode i s  facing the electrolyte. 
The values obtained for  the limiting pore radius suggest that the reaction interface 
appears to be located in the zone facing the electrolyte. If diffusion into the bulk of 
the electrode material  does occur ,  then these calculated radius values strongly 
suggest that the deepest electrolyte penetration is only into the middle zone. A 
similar conclusion can be obtained by inspection of the limiting pore radii  given for  
the non-wetproofed samples i n  Table,  III. 

To test  this possibility, a s e r i e s  of 

The results of this study are summarized on 

Sample i - P t  definitely shows that the limiting 

However, the values obtained for  the limiting 

F o r  Samples 2 - P t  and 3-Pt  the location of the reaction 

The presence of a foreign hydrophobic material  like paraffin apparently 
a l te rs  the physical as well as the electrochemical nature of the electrode mater ia l  
by filling up the smal le r  pores  as well a s  covering.the entire materiak with alfine 
film-. In this respect, it i s  interesting to note that the bubble pressures  a r e  usually 
higher for  a given mater ia l  when it has  been treated with paraffin. This can be ex- 
plained i f  it is assumed that the wetproofing treatment tends to fill the smal le r  pores, 

:. 
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I 

I 

reduce the diameter of the l a rge r  pores and, perhaps, reduce the number of 
complete routes through the material  in which a gas and/or  electrolyte can flow. 

Two standard, single-layered electrode mater ia ls  made f r o m  the same 

Both these mater ia ls  w e r e  wet- 
r a w  materials a s  the graded porosity electrodes were also run at  varying gas 
pressures .  
proofed before testing. It is seen that the finer material  has  the l a r g e r  limiting 
pore radius, indicating that some of the smaller  pores w e r e  filled with paraffin. 
These data a r e  admittedly limited but i t  i s  interesting to note, as described in 
greater  detail below, that the electron change values correspond to a peroxide o r  
hydroperoxide mechanism at the reaction interface. 
with the assumed change using the layered, graded porosity mater ia ls  described 
above. 

These results are given in Table V. 

This  corresponds rather  well 

TABLE IV 
Electron Change (An) Values and Calculated Limiting Pore  Radii for the 

Oxygen Electrode at  Platinum Loaded Materials 

Bubble E, at Open Circuit  Voltage 
Limiting Pore  P res su re ,  1 Htm at  Bubble P r e s s u r e  

Sample Radius,w atm. vsN.H.E. An HL 0 2  

1 -Pt-F 5.30 ' 0.0242 0. 857 3.50 -0. 191 0. 831 
1-Pt-C 7.06 0.0465 1.042 1.26 -0- 179 0.944 
2-Pt -F 3. 76 0.0345 1.015 3.75 -0.062 0.002 
2-Pt-C 12.00 0.0273 1.000 2.15 -0. 196 0.961 

3-Pt-C 17.00 0.0193 1.070 2.64 -0.206 0.916 
3-Pt-F 3. 13 0.0413 0.962 2.73 -0. 139 0.934 

Average Eo = 0.991 v N. H. E. 

The open circuit voltages (0. C. V. ) of the mater ia ls  l isted in Tables IH. 
IV, and V provided some intriguing results. 
noted that generally the non-wetproofed materials have a higher 0. C.V. than the 
wetproofed materials.  
electrode faces the electrolyte a higher 0. C. V. is obtained regardless  of the 
presence o r  absence of a hydrophobic agent. There a r e  some exceptions to this, 
a s  for example Sample 5, but these occur in the materials in which the graded 
porosity is less extreme. 
fabrication appears to enhance the values of the open circuit voltages. While the 
data in Table V is  limited, the trend with respect to the fine-coarse-open circuit  
voltage relationship is consistent with that of the other materials.  

F o r  the materials in Table III i t  i s  

Also, i t  i s  apparent that when the finer zone of a given 

The addition of platinum to the various layers during 

Table VI l is ts  the electrochemical performance of the charcoal materials.  
Unlike the former mater ia ls ,  charcoal based carbons a r e  easily "wet" by aqueous 
solutions. Thus the limiting pore radius at the bubble p re s su re  indicates a l a rge  
amount of diffusion within the electrode by the electrolyte. The bubble p re s su res  
a r e  all very low indicating the probable existence of a l a rge  number of continuous 
pores through the material .  
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TABLE V 

Propert ies  and Electrochemical Performance of Standard 
Electrodes 

Sample 13 14* 
Permeability (darcy s )  0. 285 0.366 
Probable P o r e  Diameter  (@ 2-9 1.5-9 
Calculated Limiting P o r e  Radius (p) 3. 60 2.22 

Bubble P r e s s u r e  (atm. ) 
HZ 
0 2  

Eo at 1 atm. (z N.H.E. ) 
An 

0.0395 0.0520 
0; 0350 0.0550 

0. 840 0. 892 
1.8 2.5 

Open Circuit Voltage 
-0.017 -0.016 

0 2  0.859 0.782 
H Z  

Basal planes of crystall i tes in this sample orientated perpendicular t o  surface 
of mater ia l ;  other sample orientation is parallel. 

TABLE VI 

Electron Change ( A n) Values and Calculated Limiting P o r e  Radii 
fo r  the Oxveen Electrode at Charcoal Materials 

Limiting Bubble EO Open Circuit  Voltage 
Pore  P r e s s u r e  a t  1 a tm at Bubble P r e s s u r e  

Sample Radius, (p,) atm. vs N.H.E. AnT H2 0 2  

I-Ch-C 4.92 ' 0.0222 0.740 1.65 -0.022 0.799 
I-Ch-F In. n! n: n!4! n; 595 l.45 !2- "43 !?. 699 
2-Ch-C ' 3.81 0.0370 0.727 3.81 -0.019 0.749 
2-Ch-F 7. 65 0.0170 0.820 5.80 -0.016 0.839 
3-Ch-C 7. 52 0.0173 0.675 3.92 -0l022 0.699 

'NNB = NonNernstian Behavior 

3-Ch-F 7. 07 0.0187 - -  NNB -0.022 0.739 

Average Eo = 0.771 v E NHE 

Current  Density ( m a / c m 2 )  a t  0.3 v Polarization and Bubble P r e s s u r e  

1 -Ch-C 
1 -Ch-F 
2-Ch-C 
2-Ch-F 
3-Ch-c 
3-ChcF 

Hz 0 2  

4.6 17. 5 
5.2 4.5 
4.5 6.0 
6.2 - -  
5.2 4.8 
4.7 6.8 
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It w i l l  be noted that the finer materials ( increasing sample number 
corresponds to increasing fineness) give higher oxygen electrode current  densi- 
t ies  a t  lower polarization in the non-wetproofed condition. The hydrogen electrode 
showed li t t le correlation with respect to electrochemical performance and fineness 
of the electrode material. 
tions a re  obtained fo r  non-wetproofed mater ia ls  for both the hydrogen and oxygen 
electrodes. 
proofing agent on charcoal materials s imilar  to the effect described for  electrodes 
made f r o m  other f i l lers .  The effect would be expected to  be greater  fo r  the char- 
coal f i l ler  materials than for  the standard filler mater ia ls  in that the untreated 
mater ia ls  a r e  very hydrophillic. When these easily wet mater ia ls  a r e  treated with 
the paraffin in the wetproofing process i t  would be expected that great  changes would 
be produced in electrochemical performance. However, the open circuit  voltages 
of these charcoal based materials give a r eve r se  response to wetproofing compared 
to  the other materials in this study. 
open circuit voltages than wetproofed materials.  
electrodes, wetproofed samples gave superior performance for both the hydrogen 
and oxygen electrodes. 

Generally, higher current  densities at lower polariza- 

This indicates that there  is an inhibiting effect caused by the wet- 

Usually, non-wetproofed mater ia ls  have higher 
In the case of charcoal based 

While both the hydrogen (anode) and oxygen (cathode) electrodes showed 
definite bubble pressures  which varied with the particular electrode material ,  only 
the oxygen electrode showed a large variation in  open circuit  potential with gas 
pressure.  
5 millivolts o r  less  for hundred fold changes in pressure.  
the reaction at the hydrogen electrode is a simple one electron change given by 

The variation in 0. C. V. of the hydrogen electrode w a s  in the order  of 
This i s  probably because 

1 / 2  H~ - H+ t e- ( 2 )  

o r  if  the molecule is considered to  react  in a step wise fashion then 

H~ ___c H~ ++ e- (3 )  

The existence of H2 + is considered to  be very transitory (16, 17)  so that the 
possibility of a long half-life can be discounted. Gaseous hydrogen also has  a r a t e  
of diffusion some four t imes greater  than oxygen and is considerably more  soluble 
in an aqueous electrolyte of low pH than is oxygen. 

Oxygen, on the other hand, has  the possibility of undergoing several  
reactions at the cathode, all of which vary in the electron change pe r  mole of 
oxygen. 
fo rm the perhydroxyl ion as shown by 

Under the proper conditions one mole of oxygen can add one electron to 

- 
0 2  t e- - 0 2  (4) 

02 + 2e-  ___t 0 2 =  (5) 

02 t 4e-- 2 O= ( 6 )  

0 2  t x X + n e -  + y Y 0  (7) 

Oxygen can also add two electrons to fo rm the doubly charged peroxide ion 

And, finally, oxygen can add four electrons to fo rm the oxide ion 

A general reaction can b e  written to cover all three cases  which takes the form 
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in which n is  the electron change. X is a species such a s  C, P t  o r  Ht present in 
the system and Y 0 . i s  ei ther  a sur face  carbon-oxygen complex o r  some compound 
with Pt (i. e., PtO, Pt02 ) o r  Ht (i. e., HOz, HZ 0 2 ,  HO2 -, or HzO). Substituting 
the factors of equation (7) into the Nernst  equation one obtains 

- - 
in which "a" signifies the activity of the various reactants and products, Po2 is 
the pressure  in a tmospheres  of gaseous oxygen and the other symbols have their  
usual electrochemical significance. 
then aX.and a: become constant and Et will equal Eo, the standard electrode 

potential. 
reducing to  l o g l o  the equation becomes 

If only the pressure.of oxygen (Po2 ) is varied 
X 

0 

Substituting the numerical  values for the constants in equation (8) and 

E = E o t -  O n 059 log Po2 (9) 

at  298. 16'K. 
a straight l ine  with a slope equal to n/O. 059. 
sphere it is seen that E equals Eo. Such a plot for a typical electrode is shown in 
Figure 1. 
reactions given in equations (4), (5) and (6) may be occurring at the cadod ic  reac-  
tion interface. 
potentials of the oxygen-platinum-acid system (18). 

A plot of the observed potential versus the log of Poz should yield 
Further ,  at  Po2 equal to 1 atmo- 

Thus, it should be possible to obtain an indication as to  which of the 

Such an approach has  been used recently in a study of the res t  

A tabulation of the An values calculated using the above technique is 
given in Tables III, IV, V, VI along with other electrochemical observations. Some 
of the carbons tested gave a non-Nernstian behavior pattern (i. e . ,  log Po, versus  
E observed lines not l inear )  and these materials a r e  marked "NNB" under the An 
heading. F o r  those samples  that have been wetproofed (Table 111), it i s  noted that 
when the coarser  side of the carbon body is facing the aqueous electrolyte the An 
value.is  predominantly i n  the 3 to 4 electron region. This is  an indication that the 
reaction occurring at the gas-electrode-aqueous interface (i. e . ,  the  reaction inter-  
face) i s  due to the reduction of oxygen directly to the dinegative state ii. e., an 
oxide ion). On the f iner  side, however, the electron change is in the 1 to 2 region 
indicating formation of perhydroxyl ( 0 2  -1, peroxide (02 =) o r  hydroperoxide (HOz -1 
at the reaction interface. F o r  the non-wetproofed mater ia ls  i t  is apparent that the 
predominant electron change is in the 1 to 2 range indicating the formation of per-  
hydroxyl or more probably hydroperoxide intermediates at the pH values employed 
in this study. There appears  to  be no rigorous relationship between limiting pore 
radii, o r  bubble pressure ,  and the An values in the mater ia ls  under study. The 
average E Using data f rom a standard 
source of electrode potentials (19) it is seen that this value does not correspond to 
the formation of HD2 , H2 0 2 ,  o r  H2 0. The average Eo, as  well a s  the individual 
values, do,  however, fall well within the range of the listed values for the forma-  
tion of some substituted quinones. The formation of such a species on the surface 
of a carbon body is quite possible as their  presence has  been determined on certain 
carbons by polarographic (20) and spectrophotometric (21) techniques. 
that  the Eo values have a wide variation indicates the influence of various functional 
groups, in  different positions relative to the quinone groups, on the standard 
potential. 

value is 0.832 2 0.059 v E the N. H. E. 
0 

The fact  
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When platinum black is incorporated into the electrode mater ia ls  during 
the fabricating process the electron change values appear to be radically different. 
h these materials the reaction at the interface seems to proceed directly to the 
oxide ion ra ther  than through the intermediate. less negative, perradical a s  shown 
in Table  IV. 
v E the N. H. E., a good indication that a different reaction is occurring since the 
value is quite different f rom that found fo r  s imi la r  mater ia ls  catalyzed in the 
standard manner. F o r  the quinone-hydroquinone system, higher Eo values indicate 
more  highly substituted aromatic  s t ructures  s imilar  to  those which could be expect- 
ed on a carbon surface. 

/ 

The Eo value for  electrodes containing platinum black i s  0.991 0.054 

The use of charcoal a s  a fi l ler  mater ia l  resul ts  in electron change values 
which depend. to a degree, on the pore s ize  of the electrode. The data for  samples 
with coa r se r  pores indicates seduction of the oxygen to a peroxide o r  hydroperoxide 
stage. 
N. H. E. indicating the presence of l e s s  complicated aromatic  ring s t ructures  (19) 
on the surface. 
slightly f rom one mater ia l  to another, even though the expected change is a twenty- 
fold variation. 
readily wet by the electroly.te a s  shown by their  extremely low contact angles. 

The average Eo obtained for  these mater ia ls  is  0.71 1 ! 0 . 0 6 3  v E the 

The calculated limiting pore radi i  of these mater ia ls  vary only 

This effect could be caused by the fact that these mater ia ls  a r e  

The  wide range in Eo values obtained could well be due to the nature of 
the porous electrode material. In comparison with solid, impermeable electrode 
mater ia ls ,  porous electrodes possess  a l a rge r  (by o rde r s  of magnitude) contact 
a r ea  pe r  unit volume of electrolyte. reactant and electrode. 
can be a range of reactions, occurring a t  different reaction rates ,  within the pores. 
The distribution of these reactions and the predominance of one or more  of these 
will be a function of the physical s t ruc ture  of the electrode matr ix  a s  well a s  the 
environment in which the electrode mater ia l  is placed ( 2 2 ,  2 3 ) .  
the porous nature o f  the electrode material, concentrations of reacting species a r e  
constant only at the instant the  circuit is closed (i. e., commencement of current  
flow! so that reaction distributions can be quite non-uniform within the electrode 
matrix. 
the electrode reaction is initiated. 
the mat r ix  of the electrode,  the predominating electrode reaction becomes less  
uniform in i t s  distribution and more  complex in  its nature. 
e lectron change values, An, can be considered a s  evidence for  the complexity of 
the react ions at the reaction interface on a “carbon surface”. 
values listed in Tables III, IV, V and V I  a r e  most  probably those f o r  the ra te  con- 
trolling s tep at the reaction interface so that it is quite probable that some carbons 
have surface properties which enhance the formation of one quinone intermediate 
over  another. 

0 = Kc = “ Z C  = 0, may occur. On a second carbon, o r  a t  another reaction site 

on the same carbon, the formation of a degenerate quinone grouping such a s  

Because of this there 

Also, because of 

Thus linear polarization may occur  only at very low overpotentials where 
As the reaction interface proceeds fur ther  into 

The wide variation in 

The An and Eo 

On a given carbon the formation of a simple quinone group, 
\ 

I . 0  \ I  

I c - 0 - 0 - c  I c = c , ,  \ ,C = C could be favored pr ior  to a rearrangement to the 

/ \ 
quinone grouping. 
f i r m l y  supported mechanism can be postulated. 

Considerably more  experimental work is  needed before a 
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No attempt was made to interpret the electrochemical data in  te rms  of 
Tafel  slopes (17) derived from activation polarization data since l inear  polarizations 
were obtained only at very low overpotentials. a t  the initiation of the electrode r e -  
action, due to the heterogeneous nature of a porous electrode. 
investigators have also reported (24) that fuel cell systems do not yield linear polari 
zation curves. 

In addition, other 

CONCLUSIONS 

The electroreduction of oxygen at a porous carbon cathode in 3.0 _N 
sulfur ic  acid in a fuel cell system appears to proceed through a quinone-hydroquinone 
reaction based on the comparison of measured potentials with standard potentials. 
The initial step in the reduction of oxygen may proceed via a one electron change to 
hydroperoxyl (HOz ), a two electron change to peroxide (Hz Oz ) or hydroperoxide 
(HOz-) or a four electron change to water (HzO) depending on the par t icular  carbon 
mater ia l  serving a s  the electrode. 
the reduction is directly to the oxide (An-4) s ta te  when the coa r se r  s ide faces the. 
electrolyte and to either the perhydroxyl or hydroperoxide ( Anm1 or 2 )  when the 
finer zone is facing the electrolyte. 

When the electrode mater ia l  has been wetproofed 

For non-wetproofed mater ia ls  the electron change is apparently a function 
of the particular electrode surface facing the aqueous electrolyte, perhaps indicating 
the relative ease of form,ation of one substituted quinone-hydroquinone group versus  
another. 
values is apparent. Generally, however, zones of f iner  porosity tend to  give higher 
An values than coarser  zones when a platinum black catalyst has  been fabricated 
into the electrode material. This  could be due, in part, to the increased resis tance 
offered by the electrode matr ix  to  diffusion resulting in  more  complete oxygen 
reaction. 

N o  direct correlation between pore s ize  distribution and electron change 

The limiting pore radii of the graded porosity electrodes were  calculated 
in  order  to define the position of the reaction interface within the electrode matrix. 
When the mater ia ls  had been wetproofed by the addition of paraffin it w a s  shown that 
the reaction interface was probably in the same location regard less  which porosity 
zone faces the electrolyte. This could be explained on the basis  that the wetproofing 
process  plugged the smaller  pores in the electrode, producing an electrode mater ia l  
without a porosity gradient. F o r  non-wetproofed mater ia ls ,  the  limiting pore radii 
showed that the reaction interface was located c loser  to the zone facing the electro- 
lyte. This is an indication that the aqueous electrolyte does not penetrate the elec- 
t rode matr ix  a s  deeply a s  the gas in the graded porosity mater ia ls .  There was no 
correlation of electron change and/or  extrapolated standard potential with the cal- 
culated limiting pore radii. 
coke a s  a filler material, the extrapolated standard potential indicates that a l e s s  
substituted quinone-hydroquinone system may be present a t  the surface. 
limiting pore radii for these mater ia ls  were not appreciably different f rom the 
petroleum coke mater ia ls ,  i t  appears  that mater ia l  differences a r e  the principle 
contributory factors to this effect. 

>’ 

When hardwood charcoal was substituted for  petroleum 

Since the 
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A MODEL FOR ANALYSIS OF POROUS GAS ELECTRODES 
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The porous gas electrode, usually with oxygen or hydrogen as the reactant gas, has 
found wide application in fuel cell systems. The charge transfer reactions for such electrodes 
occur under conditions quite different from those at a plane electrode surface; the transport of 
current and reacting species to and from the reaction sites and the location of these sites must 
be considered in  establishing overpotential-current density curves for these half cells. 
Several investigators have considered this problem, and from several separate points of view 
(1 - 5). Various models have been used, corresponding to different liquid configurations in the 
pores, to different methods of reactant transport, and to different local electrode overpotential 
relationships at the reaction site. The results have varied as widely as the models. Some 
may correspond to one type of electrode, electrolyte, and operation; some to another. The 
present treatment analyzes porous gas electrodes in which the electrolyte wets the pore walls. 
This situation commonly occurs, except where pore walls have been purposefully rendered 
lyophobic to prevent flooding, a practice necessary only where the electrolyte gas interface 
is not fixed by pore geometry. 

The ability of the electrolyte to wet the pore walls generates a liquid film covering the 
walls of part of the gas-filled portion of the pore. The electrode reaction takes place beneath 
some portion of this film, where the gaseous reactant can reach the reactant site. Will (4) 
has shown that the reactant must be supplied by diffusion of dissolved gas through the film. 
However, in Will 's  analysis of his model, assumptions are made which restrict consideration 
to those cases where dissolved gas diffusion is the only rate-determining process. This can 
be the case only where reaction exchange current densities a re  large compared with the 
limiting diffusion currents through the film. Since the latter must be on the order of 0.02 
amp/cm2 in pores of micron order,** exchange current densities larger than usually accepted 
for many gas reactions (e. g . ,  02) would be necessary for diffusion control. The influence on 
electrode performance of dissolved gas diffusion, local overpotential, and transport of current 
and ionic products are all considered in the analysis presented in this paper. 

ELECTRODE MODEL 

A porous electrode consists of a very complex arrangement of interconnected voids o r  
pores in a conducting solid matrix. For simplicity of description, however, an idealized pore 
structure consisting of parallel, straight tubes of circular c ross  section may be adopted. 
Each such pore is in part filled with electrolyte, the remainder being occupied by the gas phase. 

I 

' .  

*Department of Chemical Engineering, University of California, Berkeley 
**For a diffusion coefficient, D , of cm2/sec, a gas solubility of 2 x 10-7 gmol/cm3, 

t and a film thickness of 0. lp, t i e  diffusion current is 

\ 
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The diameter of such pores may be taken as slowly varying compared with the diameter 
itself. A changing diameter is necessary for a stable liquid meniscus at constant differential 
pressure. Thus, one of the many pores present in the electrode may be represented as in 
Fig. 1. The transport of reactant and product species, and of current, may be considered 
for three basic regions of the pore: first, transport of ionic species in the electrolyte in the 
pore up to the meniscus; second, phenomena in the reaction zone; and third, transport of gas 
reactant in the gas-filled part of the pore. The first of these effects may be important in  
many cases but is easily treated by standard electrolytic mass transport techniques (6); it 
should be kept small in well-designed electrodes. The third effect is absent for pure gas re- 
actants and is readily treated otherwise (6). The treatment here is concerned with the reac- 
tion zone, the most critical area in electrode performance. 

I 

The meniscus and the associated electrolyte film which wets the pore wall for a very 
long distance into the gas region may be simplified to the representation shown in Fig. 2, 
long as the reaction occurs over a length of film that is long compared with the meniscus 
dimensions. This wi l l  later be shown to be the case under most operating conditions. Here 
the meniscus is assumed to be flat, dropping directly to the constant film thickness, 6 , which 
covers the wall for a distance equivalent to many times its thickness. The reaction is assumed 
to occur entirely at the pore wall beneath this film. This implies a negligible portion of re- 
action occurring at the walls of the liquid-filled portion of the pore, a condition verified by the 
data of Will (4). Moreover, it is shown in the Appendix that current which can be generated by 
reactions in this region are  small compared with most current drains that would be encountered 
in operating fuel cell systems. The film thickness is taken a s  sufficiently small, compared 
with pore diameter, that the wal l  curvature may be disregarded and a unit width of film on an 
essentially plane surface investigated. 

.* 

The electrode reaction for this model is the general gas reaction 

(1) 
z1 G + ne- - ~1 H20 + v S1 

where G represents the chemical symbol for some reactant gas and S1 that for an ionic 
species of charge Z1 which participates in the reaction; p and v are  stoichiometric 
coefficients. For this reaction, a realistic overpotential expression of the redox o r  Erdey- 
Grwtype  is used [see Vetter ( i ’ ) ] ,  giving a transfer current density 

This expression is characterized by the exchange current density, jo , and the equilibrium 
potential, +e , at bulk electrolyte concentration, cy , and gas saturation, cg It should be 
noted that the electron transfer in the ratedetermining step m is not necessarily the overall 
electron transfer n . 

In treating the electrode model, the following assumptions are  invoked: 

1. Isopotential electrode matrix 
2. Uniform gas phase composition 
3.  Constant transport parameters 
4. Electrolyte saturated with reactant gas at gas liquid interface 
5. Isothermal operation 

The examination is restricted to cases in which only one significant nonreacting ionic species, 
S2 , is present. 



33 

The transport of chemical species and current in the film are  governed by the fundamental 
flux equations for electrolytes. 
namic flow, is  

For a species i , the flux, IVi , in the absence of hydrody- 

-1 N .  = - D.Vci - ziuieVQ, (3 ) 

The current density, i , in the film is then 
\ 

- i = F C z i s i  (4) 
SPECIES 

For electrolyte systems (at points outside the electric double layer) the electroneutrality con- 
dition may be used in place of the potential (Poisson) equation. This condition is 

1 zici = 0 
SPECIES 

(5) 

Using the assumptions enumerated above, along with the Nernst-Einstein relation, 
ui = Di/kT , which is of the same order of approximation as assumption (3), the steady-state 
transport equations for the model may be derived. For the ionic species, fluxes must be 
almost entirely in the x direction because of the thinness of the film. 

dC1  Fz 1 N1 = - D l x - D  - c  !!@ 1 R T  l d x  

The flux of the nonreacting species is, of course, zero at steady state, as shown. The dis- 
solved gas diffuses through the film, having a significant flw only in the y direction. 

The current in the film is carried only by species 1 and is thus 

i = z l F N  1 

These equations have the following boundary conditions: 

0 a t x  = 0: c1 = cy ; c2 = c i  ; 4 = 4 

y = 6 :  c = co 
g g  
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Since a change in current per unit width of film, is , can occur only by a transfer to the pore 
wall, i can be related to jS  of Eq. (2) by 

.s K = - L  
dx 6 

Similarly, the flux of dissolved gas must correspond to the reaction rate at the pore wall at 
the same value of x , giving 

.s 
N 

g nF nF dx 

If now the electroneutrality condition (5) is substituted into Eq. p); Eq. (6) is inserted into 
Eq. (9); Eq. (12) is  combined with Eq. (8); and the transformation to dimensionless form, 

C 
c = A  

c1 
0 

; y = E  
d 

; x , x  
6 

is introduced, the equation system describing the film model becomes 

_ -  dC diP a - - 2  C &  2 

dC diP I = - + z  c -  dx 1 d x  

- -  dGt dI 
dY - - ' E  

and the overpotential expression (2) takes on the form 

where G is the value of G* at Y = 0 and the dimensionless parameters $2 and y a re  

0 
- Z  D C  1 1 1  

nD co 
g g  

a =  
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The boundary conditions (10) are: 

c 

* 
Y = l : G  = 1  

Integrating Eq. (14) and substituting in Eq. (15) gives 

Also integrating Eq. (16) and substituting this and the previous integrated result for C in 
Eq. (17) yields 

Equations (20) and (21), taken together with the conditions 

a re  amenable to analog computer solution. 
in 5M KOH, is discussed in a following section. 

Such a solution, applied to the oxygen electrode 

APPROXIMATE ANALYSIS FOR LOW ELECTRODE OVERPOTENTIALS 

To obtain analytic solutions for the model, it is necessary to restrict consideration to 
cases where the overpotential is small. Then perturbation of a basic condition in which no 
current flows can describe behavior of the model. 

The variables of the system may be broken down into those representing the nonper- 
turbed condition, Go , Co , a0 , &, , and small perturbations GI , Ct , +I , 1' . For 
the unperturbed state characterized by no current flow, 

G 0 = 1 ; Co = 1 ; ip0 = Go ; Io = 0 (23) 

and the variables with perturbations are 

G = G + G I  = 1 + G '  
0 

c = C 0 + C '  = 1 + C '  

+ = I$ + + '  = @ O +  +' 

I = I' 
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Then Eqs. (14) and (15) and the integrated form of Eq. (16) become 

(25) 

(26) 

(27) 

diP' _ -  dC' - - z2 (1 + C') 
dx 

dC' diP I' = - +  z (1 + C' )  - d x 1  dx 

GI = a -  dI' 
dx 

and the overpotential relation (17) appears as 

Neglecting second-order terms and expanding the exponentials in Eq. (28), these equations 
take the linear forms 

Combining Eqs. (29) and (30) yields 

dC' 22 I' . s' = -1 I' 
dx=m ' d x  Z 2 - Z 1  

dC' dG' Then differentiating Eq. (31) with respect to X and substituting for x, E, and - dx from Eqs. (32) and (27) gives 

But, since I' is I , this rearranges to just 

where 

0 1 - a m +  n + - e  
L2 = 

- mG0 a m  + (z2 + m - am) e 

(34) 
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Equation (34) is easily solved with the condition of Eq. (19) at X -41 to yield the expression 

X 
O L  

-- 
1 = 1  e (3 5) 

The equivalent expressions for C and CP are  easily determined from Eqs. (32) and (24). 

In all 
( X  = 

these solutions, the constant Io , representing current in the film at the meniscus 
0 ) , appears. .This quantity is determined by substituting dI/dX obtained from 

Eq. (35) into Eq. (17) evaluated at  X = 0 . This gives the result 

0 0 -m* 
(38) 

1 - e  - m a  

1 -am*o 
- - 1 - e  IO = L 

a + - e  Y d(.... + (z2 + m - a m ) e  - mao 

These approximate solutions are  valid only for small values of @O . By comparison 
with analog computer solutions developed in the next section, it appears that they can be used 
for values of a0 5 0 . 5  with good accuracy. (See Fig. 5. ) This includes single electrode 
overpotentials (at 25T)  less than 12 mv, a considerable restriction. However, at %o = 1 
the approximate solutions deviate by only about 25 percent; thus, they may be used over a 
wider range of operation for qualitative predictions. 

The quantity L is characteristic of the length of the film over which reaction takes 
place. Its magnitude in commonly encountered situations (e. g. , lo3- lo4 for the 0 2  elec- 
trode in 5 M KOH) indicates that the original conditions assumed in simplifying meniscus 
shape a re  well justified. 

ANALOG COMPUTER SOLUTIONS 

Equations (20) and (21) have been analyzed on an Electronic Associates Type 131-R 

andchecking the approachof I and (dI/dX) to 0 as X becomes verylarge.  Behavior 
analog computer, mechanized as shown in Fig. 3. The solution is carried out by assuming 

at large X is used to correct IO for given +O until all boundary conditions a r e  satisfied. 

The analog solution has been carried out for the case of the oxygen electrode in 
5 M KOH. For this system, the following values were utilized (at 25°C): 

z = -  1 ; z 2 = + 1  

cy = 5 x gmol/cm ; c i  = 2 x gmol/cm 

D~ = 4 x cm /sec ; D = 1 x /sec 

3 3 

2 2 
g 

n = 4 ;  m = 3  ; a = 0.5 
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The exchange current density was assumed at 
values for this reaction), and values of film thickness of 
investigated. This gave values of the parameters of the model as 

amp/cm2 (there being no well established 
and 10-6 cm were 

52 = 2.5 x lo4,  

y = 5 X , 5 x and 5 x lo-' 

The analog computer produced curves of I and - (dI/dx) (reaction rate) versus X as shown 
in Fig. 4 for one case studied ( iPo = 1.0 ) . Comparison of solutions over a 
range of values of overpotential, ipo , results in curves of inlet film current, Io , and charac- 
teristic active length, L , versus electrode overpotential, ipo ,. as shown in Figs. 5 and 6 .  
It must be remembered that the graphs a re  of the dimensionless variables, conversion to 
single electrode overpotential, 
amp/cm2, being according to 

y = 5 X 

@O - +e , in volts, and superficial current density, j , in 

0 RT o 
@ -4Je=y@ volts 

2pzl FD co 2 j = -  IO amp/cm r 

(39) 

or  for t h i s  example with a 50 percent porosity and 1p pore, Go - + N 0.025 Go volts ; 
j = 400 IO amp/cm2 . e 

The results of the approximate solution for this example a re  plotted in Figs. 5 and 6. 
The close agreement for values of a0 less than 0.5 is apparent. 

CONCLUSIONS 

This investigation of porous gas electrodes with wetting electrolytes has established two 
significant points about the behavior of such systems. First, except for reactions of very high 
exchange current densities at the conditions in the pores ( >  
mental surface area), the diffusion of reactant gas through the film on the pore wall is not a 
controlling effect for the majority of the area. nvPr which rm~rtinn ~ c p ~ x r _ f .  
reaction rates exist at the wall  under the electrolyte film at distances from the "intrinsic" 
meniscus equal to thousands of film thicknesses. 

amp/crn2 referred to ele- 

.P.pcn:c!, r_f ig-sc& 

The extent of dissolved gas diffusion control can be seen by examination of Eq. (21). 
The effect of this diffusion manifests itself only when the  term is-large compared with the 
term exp (-cum@/y) (both te rms  in the denominator on the right-hand side). This condition 
can exist, for values of 52 and y possible for gas electrodes, only if  @ is quite large (say 
2 5) - that is, only if the electrode overpotential, a0 , is large. Even then, gas diffusion 
controls only at. positions near the meniscus. For diffusion control throughout the entire re- 
action zone, @O must exceed perhaps 20 or  25. This corresponds to few cases of electrode 
operation. 

The prediction of significant reaction rates under the film at distances of 103-104 film 
thickness from the meniscus involves a considerably longer reaction zone than the N 200 film 
thicknesses proposed by Will (4) for a similar model (for H2 in acid). This difference is due 
principally to Will 's assumption of 
concentration. This condition would give considerably higher local reaction rates, and thus 
a narrower reaction zone. It is equivalent to setting y to in Eq. (21) (with perhaps some 
adjustment in the coefficients of @ ) and corresponds to the physical case of infinite exchange 
current density. The assumption is not realistic for most electrode reactions. 

local overpotential except that due to dissolved gas 

! 
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i 
In addition to the general conclusions mentioned above, this analysis has yielded qproxi- 

mate expressions for overpotential-current density behavior and for current distribution i n  

mine these relationships under any reasonable conditions. 
I gas electrodes at low to moderate overpotentials, and a method of analog computation to deter- I 
, NOTATION 

I English Letters 
3 C. concentration of species i in electrolyte (gmol/cm ) 

! 
I 0 3 

reference concentration of species i (gmol/cm ) 
2 diffusion coefficient of species i (cm /sec) 

F Faraday’s.constant (96,500 coul/equiv. ) 
i current density in electrolyte film (ainp/cm2) 

superficial current density for electrode (amp/cm2) 
j0 exchange current density of electrode reaction (amp/cm2) 

>‘ I ‘i 

, Di 

! 
i 

js 
k 
m 
Ni 
n 
P 
R 
r 
si 
T 
U. 

X 

Y 
2. 

2 local transfer current density due to reaction (amp/cm ) 
Boltzmann constant 
number of electrons transferred in rate-determining reaction step 
flux of species i in electrolyte (gmol/cm2-sec) 
number of electrons transferred in overall electrode reaction 
electrode porosity 
gas constant 
pore radius (cm) 
chemical symbol of species i 

absolute temperature (“K) 
mobility of species i (cm/sec-dyne) 
distance coordinate along film (cm) 
distance coordinate across film (cm) 
charge number of species i 

Greek Letters 

(Y transfer coefficient 
6 film thickness (cm) 
E electronic charge 
p,  v stoichiometric coefficients 
4 
+e 

potential in electrolyte film (volts) 
equilibrium electrode potential at  ci (volts) 

Subscripts 

g 
1 
2 

refers to dissolved reactant gas 
refers to ionic species involved in electrode reaction 
refers to nonreacting ionic species 
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Appendix 

ESTIMATE OF CONTRIBUTION OF ELECTRODE REACTION I N  
FLOODED PORTIONS OF THE PORES 

To establish an estimate of the maximum contribution to electrode current arising in 
electrode reaction at the walls of the flooded portions of a pore (see Fig. l ) ,  consider a one- 
dimensional analysis under conditions most favorable to such a reaction. If the coordinate 
system of Fig. 2 is utilized, the potential locus of such reaction is - 00 < x < 0 . In this 
region, reactant gas supply is by diffusion essentially in the x direction. 

For conservation of dissolved gas  at steady state, 

where a is specific area of electrode based on pore volume ( = 2/r for cylindrical pores). 
The overpotential expression (A. 2) may be simplified, for high electrolyte conductivity and 
constant ionic concentrations, to the approximation 

j" = Ac - B (A. 3) g 

where 

I 

c , 

I 
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This corresponds to pure gas diffusion control, which is to be expected for any reaction in 
this region. Substitution of Eq. (A. 3) into Eq. (A. 2) gives 

n 

, 

which has the following boundary conditions: 

0 a t x = O  : C  = C  
g g  

This equation has the solution, for the concentration gradient, 

which corresponds to a flux of dissolved gas at the meniscus of 

N gx = O  = ( - D d / / P )  g nF 'g = -  ,/-'- n F  g x=O (A.7) 

x = o  

or to a to al superficial current density resulting from reaction in the flooded portion of the 
pores, 8, of 

Since j t  =o cannot be much greater than jo for the reaction, this contribution is very small 
indeed. For the oxygen electrode treated in the text, with a = lo5 cm2/cm3 , 

jf s [ (1o5)(4)( lo5)(2 x 10-~)(10-~)]  1/2 amp/cm 2 

which is negligible. Even if the exchange current density were as high as 1 amp/cm2, this 
contribution to superficial current density would be less than amp/cm2. 

Thus, reaction in the flooded portion of the pores can be ignored if  a film is present. 
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REACTANT 

Fig. 1 Idealized Pore of Gas Electrode 

Fig. 2 Model for Reaction Zone of Porous Gas Electrode 
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ANALOG SOLUTIONS- 
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'?.%T.".-.d---.. ' Fig. 5 Current-Overpotentid Relations in Dimensionless Form 
1 

for O2 Electrode (KOH) ( 52 = 2 . 5  X lo4, y as shown) 
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TEE O P ~ I O N  MECHANISM OF POROUS GAS ELFCTRODE 

R .  Burshtein 

, 

5 

I n s t i t u t e  for Electrochemistry 
Academy of Sciences, USSR 

Abstract* 

I n  order  t o  study the  operation mechanism of  porous gas  d i f fus ion  
electrodes the  pore radii d i s t r i b u t i o n  and the  surface area of n i c k e l  
e lectrodes having d i f f e r e n t  s t ruc tures  were determined. 

On the  b a s i s  of d a t a  on the  electrode s t ruc ture  and of measurements 
of the rate of the  electrochemical reac t ion  a t  var ious gas /e lec t ro ly te  pressure 
differences,  a model f o r  the  operation of a porous gas e lec t rode  has been 
proposed. 

The electrochemical react ion i s  assumed t o  occur a t  the surface of 
macropores from which the  e l e c t r o l y t e  has been expelled by t h e  gas near the  
o r i f i c e  of micropores f i l l e d  with e lec t ro ly te ,  the lat ter ensuring the  
t ranspor t  of current .  It is f u r t h e r  assumed t h a t  t h e  s i t e s  a t  which t h e  
current  i s  generated a r e  uniformly d i s t r i b u t e d  over t h e  whole electrode 
surface.  

According t o  this model the  electrochemical a c t i v i t y  of a porous 
gas e lectrode depends on the  r a t i o  of the surface a r e a  of pores  free from 
e l e c t r o l y t e  t o  the  t o t a l  cross  sect ion of pores f i l l e d  with electrolyte. 

The maximum electrochemical a c t i v i t y  corresponds t o  d e f i n i t e  r e l a t i o n s  
between the  experimentally determined s t r u c t u r a l  parameters. A t h e o r e t i c a l  
treatment of severa l  porous electrode models has been c a r r i e d  out ,  t h e  r e s u l t s  
obtained being i n  good agreement with the experimental da ta .  

* Complete manuscript no t  received i n  t i m e  f o r  inclusion in the  DivisionaP 
Preprints .  
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POLARIZATION AT POROUS P L O Y - ~ U G E  BLECTXQDES 

L. G. Austin, P. Palasi and R. R. Klimpel 
Fuel Technology Department, Pennsylvania State University, 

University Park, Pa. 

n 

INTRODUCTION 

The flar-through electrode is an electrochemical system which has received 
little attention. It is of primary interest in redox fuel cells (1, 2, 3) where 
a dissolved ionic fuel (or oxidant) is to be reacted at an electrode. In such 
a system, where liquid is circulated through the cell, it is clearly much better 
to force the fresh liquid through the electrode and take spent liquid from the 
exit side. 
and, more important, the mass transport of reactant to the electrode can be easily 
controlled. 
rely on diffusion of fuel to the electrode and, consequently, the mass transport 
problems of non flw-through electrodes can be considerably diminished. 
ly;-for fuels or oxidants such as methanol, hydrazine, nitric acid,etc., which 
can-& dissolved in high concentrations in the electrolyte, it may be desirable 
to use flar-through electrodes (4, 5,  6). 

When the processes occuring in flow-through electrodes are considered, it 
reydily becomes apparent that several parameters are of first importance. The 
concpntration of reactant and rate of flow determine the maximum current which 
can be drawn, since we cannot draw more current than the corresponding amount of 

econd. The speed of the electrochemical reaction, in the 
e current for the reaction (7), is of importance in determin- 
at a given current. In addition, the ohmic voltage gradient 

:Pershaya-aud Zaidenman (8) gave the basic mathematical form of the process. 

The electrode then acts as a separator between fresh and spent liquid 

By forcing electrolyte through the electrode, we no longer have to 

Similar- 

in the electrolyte in the pores of the electrode also affects the polarization. 

Eweveri  they solved the equation only for low current density, lov polarization 
conditions, where the approximation exp(cbrpt)/RT) = 1 + QlnPt)/RT applies. 
analysis we have found that this can only rarely be applied. - z%?e explains reasonably well the whole current-voltage range of their experimental 
results, and also explains the experimental results of Bond and Singman (9). 
ewer, +&e assumptions- made in the theory are not generally valid and the breakdown 
of the theory is demonstrated and discussed. 
PHRIGBL spsm mE4m AND A S S ~ O I S S  

ImoLm. 

uitb reactant dissolved -in electrolyte flaring into the left hand face; unreacted 
reactant and dissolved product flow out of the right hand face (see Figure 1). 
The reaction could be a simple redox reaction such as Fe2+ ~1 Fe- + e in acid 
solution. 
the cell by (d) flwing from the anode to the cathode. 
are made. (i) The flow is uniform through the electrode. This is very nearly 
true for a mall exper-ntal electrode, but it may not be so for a large electrode. 
(ii) 
good approximation for properly constructed electrodes of metal or carbon. 
The reaction at the external faces of the electrode is small compared to the total 
reaction. The external faces can be considered as extensions of the internal area 
and the assrmptionwould only be false in the limit where the internal area became 

In our 
The treatment we 

How- 

e physical system studied consists of a uniform, porous, plane electrode 

In a redox cell employing a separator the circuit is completed within 
The following assumptions 

Ohmic loss in the material of the electrode is negligible. This will be a 
(iii) 

I 

1 

. 
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small. (iv) The pores of the electrode are small in radius compared to their 
length, so that negligible concentration gradients exist across the radius of the 
pore. In other words, the pore radius is so small that radial diffusion is rapid 
enough to maintain uniform concentration across the pore radius; the only concen- 
tration changes will be linear along the axis of the pore. With this assumption, 
the variation of laminar flow rate across the pore radius is of no consequence. 
This assumption is discussed later in more detail. (v) The porous electrode has 
its pores so well interlinked that it can be considered to act as a homogenous 
system, with variation of conditions at a given penetration applying only over 
small regions. Electrodes must be constructed so that no major cracks or pinholes 
exist. (vi) The flow rate is great enough that axial mass transfer of reactant 
and product by diffusion and ionic migration is negligible compared to mass trans- 
fer by the bulk flow. It should be noted that the current must be supported by 
ionic migration and, therefore, this assumption may not always be valid. It will 
be a good approximation, however, when the concentration of supporting electro- 
lyte is high, e.g. a strongly acid solution is used. In this case we can also 
assume that the specific conductivity of the electrolyte remains constant. 
The streaming potential is small compared to other effects, which will be true 
when strong electrolytes are used. 

the pore surface is a simple reaction with the rate form (7) 

(vii) 

A less easily justified assumption is that the electrochemical reaction at 

i = i0[(R/Ri)eqjb - (P/Pi)e-?lb] (1) 
Ri, Pi are the entering concentrations (assumed equivalent to activities) of the 
reactant and product; i, io refer to unit area of the pore surface, (see list of 
nomenclature). Equation 1 may apply to simple redox reactions, but one would 
expect, for example, dissolved methyl alcohol fuel to have a more complex form. 
At open circuit conditions, with no current flow, R and P are constant though the 
electrode and equal to Ri and Pi, and they determine the theoretical potential. 
However, if the basic exchange current is small then impurities in the feed may 
give rise to leakage current and a mixed potential may be obtained. A sufficient 
rate of flow will prevent diffusion of a disturbing material from the other elect 
rode, but any impurities in the feed are being constantly replaced. Thus, very 
low current density measurements and open circuit potentials may not correspond 
to ideal values. 

THEORY 
Consider unit face area of the electrode. Let the velocity of flow through 

the electrode be v, cm3 per sq cm of face per second. 
Figure 1. The amount of reactant flowing in per second is Rv and the amount flow- 
ing out is [R + (dR/dx)dx]v. 
second, is given by 

Consider element dx in 

The amount of R reacted to P in the element, per 

di/nF = io[ (R/Ri)eqlb - (P/Pi)e-?lb] (S/nF)dx (2) 

n is the total number of electrons involved for each complete reaction; S is the 
reacting area per unit volume of electrode. At steady state, therefore, 

Rv -[R + (dR/dx)dx]v = (ioS/nF)[ (R/Ri)eT)jb - (P/Pi)e-qlb]dx 
or 

-dR/dx = (ioS/vnF)[ (R/Ri)eq'b - (P/Pi)e-q/b] ( 3) 

Also, at steady state, Ri + Pi = R + P, therefore 
-a/& = (ioS/v~)[~(e9/b ( Ri +e Pi - (Ri P + Pi),-q/bl ( 4 )  

If the specific resistance of the electrolyte fs p ' ,  the porosity of the electrode 
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E and t h e  to r tuos i ty  f a c t o r  q (10) then, by Ohm's l a w ,  

(p 'q/E)i  = dq/dx 

o r  

where p i s  understood t o  inc lude  t h e  porosi ty  and to r tuos i ty  f a c t o r s .  

i = ( l / p )  dq/dx (5)  

The complete s o l u t i o n  t o  t h e  problem is given by the  s o l u t i o n  of equat ions 
4 and 5 .  W e  could not,  however, ob ta in  an a n a l y t i c a l  so lu t ion .  Computed r e s u l t s  
a r e  presented l a t e r ,  but  i t  i s  informative t o  consider a l imi t ing  condi t ion which 
has an ana ly t i ca l  so lu t ion .  The l imi t ing  condi t ion is  t h a t  t he  ohmic drop wi th in  
the  e l e c t r o l y t e  i n  the  pores i s  n e g l i g i b l e .  
considered as a dis turbance of t h i s  l imi t ing  condition; 

The e f f e c t  of ohmic drop can be 

CASE 1. Ohmic  E f fec t s  Neglected 

Neglecting ohmic drop and working with equat ion 4 only, w e  can sepa ra t e  
and i n t e g r a t e  from x = 0, R = R i  t o  x = x, R = R, 

( 6 )  
When x = L, the thickness of t h e  electrode,  R = R f ,  the  f i n a l  concentrat ion of 
r e a c t a n t  issuing from the  r i g h t  hand face  of t he  electrode.  The c u r r e n t  per  sq cm 
of e l ec t rode  i s  

i = nFv(Ri - R f )  ( 7 )  
The l i m i t i n g  current  dens i ty  i s  c l e a r l y  given by 

iL = nFvRi 

Thus 

i / i L  = 1 - R f / R i  = degree of conversion ( 8 )  

To g e t  t he  r e l a t i o n  between c u r r e n t  and p o l a r i z a t i o n  w e  have t o  s u b s t i t u t e  f o r  R f  
i n  equat ion 6 using equat ion 8 ,  a s  follows 

(LioS/vnF) ( (eqlb/Ri)  + (e-q/b/P i )  ) 

= ln(ei-iib-e-q/'~) - Ini (Rf / R i ) e ~ l ~ ~ - ( R i / p i ) e - ~ i ~ - e - ~ l ~ ~  + (R f / ~ i )  e-lli'] 

For a lgeb ra i c  convenience l e t  y = Ri/Pi, Q = eqlb -e-q/b, then 

(LioS /vnFRi) (eqIb + ye-?/b) 

= In Q - ln[(Rf/Ri)(eq/b + e-qlb) - (1 + y)e -q Ib ]  

Again, f o r  a lgebraic  convenience l e t  eq/b + ye-?/b = f ,  then 

e-(LioS/iL)f Q = (Rf/Ri)f - (1 + y)e-l?jb 

o r  i / i L  = 1 - R f / R i  = (f  - Qe-(Lsio/i,)f - (1 + y ) e m I b ) / f  

= (eq/b + ye-q/b - e-q/b - ye-q/b - qe-(LSio/iL)f 1 If 
o r  i/iL = Q (1 - e - (LS io / iL ) f ) / f  (9) 
This i s  t h e  equation r e l a t i n g  cu r ren t  t o  po la r i za t ion  and i t  includes the  para-  
meters of io, s, L, v, R i ,  Pi. 

cu r ren t  case where q + 0. 
Using 

Two l imi t ing  cases  can be considered. 

= 1 + q / b  when q/b i s  small ,  

F i r s t l y ,  l e t  us consider t h e  low 

I 

' I  

' I  

' I  
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When LSio/iL is s m a l l ,  t h a t  is, i t  i s  a reac t ion  with a r e l a t i v e l y  low exchange 
current, 

i/iL = 2(LSio/iL) (q/b) (10) 

This is the required l o g i c a l  r e s u l t  since, as  b = RT/m1F, 01 - 1 / 2  (nl i s  the  
e l e c t r o n  t r a n s f e r  i n  t h e  r a t e  cont ro l l ing  s tep) ,  

i = (LSio)nlPq/RT . 
On the o ther  hand, i f  LSio/iL is  large,  then 

i/iL = q / f  

= (esl/b - e q/b)  / ( e q l b  + ye-q /b) .  

Rearranging 

q = (2.3RT/nF) log[ ( 1  + y i / i L ) ]  (11) 
(1 - i / i L  ) 

This is again the  expected r e s u l t :  
za t ion  (see re ference  7, p .  15, where the above r e s u l t  can be obtained from equat ion 
26a by s e t t i n g  i /I = 0 ) .  

approximation t o  hold) e-q/b can be  neglected compared t o  eqIb and 

i t  corresponds t o  pure concent ra t ion  p o l a r i -  

A t  l a rge  values  of q ( t h e  la rger  is y the la rger  q must be f o r  t h e  following 

i/iL = 1 - e - ( ~ ~ i o / i L )  eq/b (12) 

As necessary, as q /b  becomes large,  i/i, + 1. 
q for  var ious values  of exchange cur ren t .  
s i b l e  it i s  convenienl  to p l o t  i n  the  form i/iL versus q/b,  w i t h  ro/iL as the  
var iab le  parameter. 

Figure 2 shows t h e  form of i versus  
To make t h e  curves as  genera l  as  pos- 

io i s  defined by 

(13) 
- 
io = ioSL . 

For small values  of To/iL, the  e lec t rode  is  highly polar ized and the  f a c t o r  
y(=Ri/Pi) does not a f f e c t  t h e  r e s u l t .  
d e n s i t i e s  w e l l  below t h e  l i m i t i n g  c u r r e n t .  
12, s ince  when i/iL is less than 0.1, the exponential term is  near  1 and 

A Tafel  region is observed a t  cur ren t  
This can be predic ted  from equat ion 

i/iL 2 (To/iL) eq'b 

q 2 (2.3RT/mlF) log( i /xo)  ( 1 2 4  

CASE 2. Ohmic E f f e c t s  Included 

From equat ion 5 we have 

d i /dx  = ( l / p )  d2q/dx2 . 
From equat ion 7 we have 

di /dx =wnF dR/dx . 
We can a l so  combine equat ions 5, 7 and 7a to  give 

R/Ri = (1 - (l/i,p)dq/dx) . 

Equation 14 i s  the  b a s i c  equat ion r e l a t i n g  p o l a r i z a t i o n  t o  d i s t a n c e  into the elec- 
t rode .  We were not  a b l e  t o  f i n d  a genera l  a n a l y t i c a l  s o l u t i o n  t o  t h e  equation, 
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therefore ,  t h r  &quation was put i n t o  a form s u i t a b l e  f o r  numerical i n t e g r a t i o n ,  

For computational convenience i t  i s  he lp fu l  t o  def ine reduced values  of 9, 
b?>,&2x3 wu: 4" . . 

7 = q /b  (15) - 
(21) x = x/L (15a) 

I t  i s  a l s o  .convenient to d e f i n e  a maximum ohmic po la r i za t ion  A by 
4113 01 S! . 

A =  ̂ ILPL (16) 

A i s  the  maximum possible  ohmic loss through the  e l ec t rode  and is obtained under 
cond i t ions  where the r e a c t i o n  i s  completed i n  a d i f f e r e n t i a l  element a t  x = 0, 
so t h a t  a l l  t h e  ions support ing iL have t o  be t ransported from L t o  x = 0 (or  
x = 0 t o  L). This can only occur a t  very l a rge  t o t a l  po la r i za t ions .  Replacing 
Ri/Pi by y, q / b  by fj, and x/L by H, equat ion 14 goes t o  

AgaipLii t  i s  convenient t o  de f ine  a reduced A by 

d2q/dx2 = ( io / iL)  A[ ( l - ( l / A ) d 9 / d x ) ( e ~ e - ~ )  - (l+y)e-q] . 
%e%X&d&!j .%Adfcions.are 9 = qo a t  x = 0 and 9 = 

q 

a t  x = 1, where is  the  
I n t e g r a t -  p o l a r i z a t i o n  a t  ?fig r i g h t ' h a n d  f ace  o f  the  e l ec t rode  i n  mult iples  of b. 

ing(gqgat ion 1 7  once, 

auz2s%,7dq/dx aTXio&)[&,J. . (eq + ye-q -e-' - ye-')dx - J9 (e9 + ye-?dq 1 
q0 , - 3 r r r  - . a x  25 ir;lL?n..b J_: : . - . . ' lo 

= . ., ( i o / i i ) [ A ' J  (eq - e-q)dx - ( ( eq  - ye-q) - (e 90 - ye -'lo ) ) ]  .:?>:j 3s -.i'.(.T 1,'; - . , 

I f  ~ , g $  divided i n t o  M s m a l l  increments of Ax such t h a t  over any Ax, 71 is proport ion-  
a l  t o  x and AT/@ is a, cons t an t  w e  ge t ,  a t  the  N ' t h  increment, 

F,<.i i ~ . / i ~ ~ ~ & m ~ ~ o  A < (Ax /A~N)  [ (eqN + e-9N) - (eqN-' + e-%-')] 

3 mQzl b3::IL;..':.: - [ ( eqN - ye-',) - (eq0 - ye 
S ~ E  1 *xF:<jil t I ' 

Ir.)3363 5p.5 3 2 L ,  

(18) * 
A ~ N  i s  the  increase i n  po ia r i zac ion  over iiir X-1 to Xth  i-crcr.ezt. 
equa t ion  5, . 

Also 2 f r n m  

i/iL = (l/pk) dq/dx 

where q, x a r e  ac tua l  va lues .  Replacing, a s  before, q / b  wi th  7, x/L wi th  H 
i/i, = (b/piLL) dy/dG = (l/ii)dfi/dx . 

i/iL = (l/D) dq/dx . 
Dropping t h e  bars, 

Thus the  t o t a l  current  d e n s i t y  from t h e  e l ec t rode  i s  

i / i L  = ( l /A)  (dq/dx)x = (19) 
ua t ion  18 i s  progressively solved using a s u i t a b l e  
f 
t i o n  18 is solved by assigning a value of qo and gues- 
is  i s  s u b s t i t u t e d  i n t o  the  R.H.S. of equat ion 18, wi th  
u l a t e d .  

o r j  t he  c a l c u l a t i o n  is c o r r e c t  and may proceed t o  t h e  

p l o t t e d  versus  x. The value of dq/dx a t  x = 1 i s  

When it agrees  w i t h  the  s u b s t i t u t e d  value of 

u t a t i o n  of equat ion 18 i s  a v a i l a b l e  from the 
au tho r s .  
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next s tep .  The f i n a l  po lar iza t ion  i s  a t  x = 1, N = M, and the t o t a l  cur ren t  i s  
obtained from equation 19 .  T h i s  i s  repeated f o r  another value of q0 (which i s  
the  p o l a r i z a t i o n  a t  the  l e f t  hand face  of the  e lec t rode)  and o t h e r  values  of 11 
( a t  t h e  r i g h t  hand face)  and i/iL a r e  obtained.  By t h i s  means, the  complete 
range of qo, q and i/iL, from i/iL small t o  i/i, + 1 can be obtained.  
terms i n  e-q can be neglected when q,, i s  g r e a t e r  than 1, and equat ion 18 goes t o  

For y _< 1, 

1 1 
(20) 

A s  2 ( i o / i L ) b e  q0 [ m ( b / A % ) ( e q  N - e' ~ - 1 )  - (eqlN - 111 
where q1 i s  measured from qo, t h a t  i s ,  q = q1 + qo. 
rap id ly  computed. 
and 

This form can be f a i r l y  
When ( i o / i L ) ( b ) e q o A  is  small, t h e  f i n a l  va lue  of 'I1 i s  small 

dq/dx = ( i o / i L )  eqoAXaX(l + % - 1 - s-l) 
A'I 

= ( i o / i L )  e q o a  

= ( i o / i L ) i k  x ' l o  

Therefore, 

qk = ( io/ iL)eqoA i x  dx 

For t h i s  low cur ren t  condi t ion 

'70 
i/iL = (l/A)(dq/dx)x=l = ( l / A ) ( i o / i L ) e  A 

TO 
= ( i o / i L ) e  

This, of course, i s  a Tafe l  form. The equat ions t e l l  us tha t ,  f o r  an i r r e v e r s i b l e  
reac t ion  at  low current ,  t h e  addi t iona l  p o l a r i z a t i o n  q1 caused by ohmic loss i s  
one-half t h a t  expected i f  a l l  of the  cur ren t  flowed completely through the porous 
system, s ince,  from equat ion 2 1  

= ( i / iL)A/2  

This i s  reasonable, s ince,  under these condi t ions,  the  e l e c t r o d e  i s  reac t ing  u n i -  
formly throughout i t s  thickness  and the  mean d i s t a n c e  t h e  ions  have t o  pene t ra te  
i s  ha l f  the  thickness .  

Equation 20 p r e d i c t s  t h a t ,  f o r  i r r e v e r s i b l e  condi t ions,  the  shape of the  q 
versus  i / i L  curves w i l l  be the  same f o r  any io/iL value  ( f o r  a given A value, of 
course) but s h i f t e d  t o  higher o r  lower p o l a r i z a t i o n s .  
i s  the  c o n t r o l l i n  

This i s  because ( io/ iL)eqO 
parameter and w e  t h e r e f o r e  know t h a t  q1 is  t h e  same f o r  a given 

value of ( i o / i L ) e  si 0. Thus f o r  a given s e t  of q1 values  

where Aq12 represents  t h e  bodily s h i f t .  Then 

Aq12 = 2.3 l ~ g [ ( i ~ / i ~ ) ~ / ( i ~ / ~ ) ~ ]  

o r  
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Let  US now consider  t h e  l i m i t i n g  case where a c t i v a t i o n  p o l a r i z a t i o n  i s  
n e g l i g i b l e  and only concent ra t ion  and ohmic e f f e c t s  a r e  present .  
17, when ( io/ iL)A is  la rge ,  d%/dx2/( io/ iL)A tends t o  zero and w e  g e t  equat ion 
11. 
vol tage  gradien t  is present  o r  no t .  
g ive  a higher i/iL s i n c e  the  concent ra t ion  of r e a c t a n t  and product w i l l  change 
t o  keep match with t h e  vol tage :  
up t o  near t h e  l imi t ing  cur ren t ,  q i s  determined s o l e l y  by i / iL ,accord ing  t o  
equation 11. 
t h e  f i n a l  r e s u l t  w i l l  n o t .  

From equation 

Equation 11 thus r e p r e s e n t s  t h e  l i m i t i n g  case whether an i n t e r n a l  ohmic 
For a given qo, a la rger  ohmic e f f e c t  w i l l  

but s ince  qo i s  e s s e n t i a l l y  zero a t  a l l  c u r r e n t s  
' 

The p o s i t i o n  of r e a c t i o n  i n  the i n t e r i o r  w i l l  change wi th  A, but  

A t  intermediate condi t ions  where n e i t h e r  equat ion 20 nor equat ion 11 apply, 
equation 18 is tedious t o  compute. However, i f  y = 1 the  equat ion goes t o  

Tables of hyperbolic f u n c t i o n s  can then be used. 

RESULTS OF COMPUTATIONS 

I n  a previous r e p o r t  (ll), t h e  equat ions were solved by hand computation. 
They have s i n c e  been solved more accura te ly  on an IBM 7074 d i g i t a l  computer. The 
l a t e r  r e s u l t s  show a s l i g h t  change i n  the  values  of qo as  compared t o  the  former. 
Figure 3, 4 and 5 show the r e s u l t s  of computations of the f u l l  equation, allowing 
f o r  ohmic res i s tance .  (A va lue  of Ax = 1/20 was found to  be s a t i s f a c t o r y  over 
most of the  current  range.) To avoid confusion, t h e  17 ca lcu la ted  f o r  the  case  of 
no ohmic e f f e c t  i s  termed qs, the  p o l a r i z a t i o n  a t  t h e  en ter ing  face  i s  termed qo 
and the p o l a r i z a t i o n  of  p r a c t i c a l  importance, a t  t h e  e x i t  face, i s  termed q. 

The physical  p i c t u r e  of the  e f f e c t  of ohmic vol tage  gradien t  which emerges 
from the so lu t ion  of t h e  equat ions i s  as follows. The flowing e l e c t r o l y t e ,  w i t h  
a high concentrat ion of f u e l ,  e n t e r s  a t  one face  and, wi th  a s u i t a b l e  polar iza t ion ,  
i t  s t a r t s  t o  reac t .  The i o n i c  t r a n s f e r  through t h e  e l e c t r o l y t e ,  which maintains  
charge balance, gives r i s e  t o  an ohmic vol tage  g r a d i e n t .  This ohmic e f f e c t  i n -  
c reases  the  p o l a r i z a t i o n  a t  f u r t h e r  pene t ra t ion  i n t o  t h e  e lec t rode  and the r e a c t i o n  
r a t e  i s  increased.  Therefore, as t h e  f u e l  flows through the  e lec t rode ,  i t  i s  
consumed more and more rap id ly ,  which increases  the  cumulative ion  t r a n s f e r ,  which 
causes increased ohmic e f f e c t ,  which increases  the  r a t e  of consumption and so on. 
Thus for  a l a r g e  value of A ( t h e  index of ohmic e f f e c t )  the  r e a c t i o n  i s  concen- 
t r a t e d  towards the e x i t  face  of the  e lec t rode .  This is  shown i n  Figure 6 f o r  
A = 100 and cur ren ts  of  0.84 and 0.23 of the l i m i t i n g  cur ren t .  For t h e  la rger  
value, most of the r e a c t i o n  occurs  i n  the f i n a l  one-tenth of the e lec t rode .  For 
the  lower value, most of t h e  r e a c t i o n  occurs i n  t h e  f i n a l  th ree- ten ths .  An 
important e f f e c t  of t h i s  concent ra t ion  of the r e a c t i o n  i n  a zone towards the e x i t  
face  is t h a t  r a d i a l  mass t r a n s f e r  l i m i t a t i o n s  across  t h e  pore may come i n t o  p lay  
sooner than would be  expected i f  r e a c t i o n  were more uniformly d i s t r i b u t e d  through 
t h e  pore. 

Examining t h e  
curves f o r  io/iL = 10- 
This is a s  expected, because t h e  ohmic vol tage  gradien t  i n  the  e l e c t r o d e  speeds up 
t h e  r e a c t i o n  toward the  e x i t  face,  therefore ,  t h e  i n i t i a l  a c t i v a t i o n  p o l a r i z a t i o n  
q , has t o  be l e s s  t o  g ive  a c e r t a i n  i/i, value.  As predic ted  by equat ions 22 and 
13a, the qo value a t  low c u r r e n t  dens i ty  (but  r e a c t i o n  s t i l l  i r r e v e r s i b l e )  approaches 
q , both being given by a Tafe l  form. I f  t h i s  cur ren t  
ffowed completely from t h e  l e f t  hand face of the  e lec t rode ,  the ohmic drop would be 
( i / i L ) p L i L  = ( i / iL)A = (0 .1)(10b) .  
poss ib le  q-qo, as pred ic ted  previously by equat ion 21. 

The curves i n  F i  u re  3 a r e  ca lcu la ted  f o r  a A/b value of 10. s i t  is seen t h a t  qo and 11 l i e  on e i t h e r  s i d e  of the curve.  

A t  i / i L  = 0.1, q-qo 2 1/2b.  

Thus the a c t u a l  q-qo i s  one-half the  maximum 
Over m o s t  of the  cur ren t  
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densi ty  range of importance, i/i from 0.2 t o  0.95 f o r  ebample, t h e  d i f fe rence  
between q and qs i s  less than l/b of the  maximum poss ib le  ohmic e f f e c t .  
t h i s  i s  reasonable, because the  increase i n  polar iza t ion  from ent rance  t o  e x i t  
i n  the e lec t rode  causes t h e  reac t ion  to  proceed f a s t e r  towards t h e  e x i t .  There- 
fore ,  the  mean d i s t a n c e  which the current  carrying ions have t o  t r a v e r s e  is 
s t rongly  weighted t o  be near  t h e  e x i t  face, giving a r e l a t i v e l y  small ohmic drop. 
Of course, as  the  l i m i t i n g  cur ren t  i s  approached very c lose ly ,  a l l  of the  r e a c t i o n  
occurs towards t h e  en t race  face  giving the complete ohmic drop. This  condi t ion i s  
only reached as  the  p o l a r i z a t i o n  becomes very la rge .  

Figure 2 a r e  of value s ince  they predic t  the main f e a t u r e s  of the  process .  The 
ohmic e f f e c t  i s  a secondary e f f e c t .  Both Figures  2 and 3 show t h a t  a decrease i n  
the bas ic  parameter io/ib causes a bodily s h i f t  of the curves, wi th  no d i f fe rence  
i n  shape. Considering Figure 2, i t  can be seen tha t ,  as expected, decrease of 
i o / i L  by a f a c t o r  of 10 bodily s h i f t s  the polar iza t ion  curve down by 2.3b v o l t s .  
(The 2.3 a r i s e s  because b is  R T / m l F ,  whereas the  normal Tafel  c o e f f i c i e n t  i s  
2.3RT/anlF.) 
about 0.12 v o l t s ,  and f o r  a two e l e c t r o n  process, 0.06 v o l t s .  

is  a pure concentrat ion p o l a r i z a t i o n  curve and appl ies  f o r  a l l  va lues  of io/iL 
above about 1 o r  2. The r e a c t i o n  i s  e s s e n t i a l l y  r e v e r s i b l e  a t  a l l  f r a c t i o n a l  
cur ren t  densi t ies*.  For the  more polarized, i r r e v e r s i b l e  curves, y has  no s i g n i f i -  
cance, but i t  has a l a r g e  e f f e c t  f o r  the r e v e r s i b l e  case. 

f o r  A/b = 0, 10, 20, 50 and 100. This covers most of the  range l i k e l y  to be 
encountered f o r  e lec t rodes  of reasonable porosi ty  and s t rongly  conducting e l e c t r o -  
l y t e s .  Figure 5 shows the  p o l a r i z a t i o n  f o r  a one e l e c t r o n  r a t e  c o n t r o l l i n g  s t e p  
a t  room temperature where the normal Tafel  c o e f f i c i e n t  would be 0.12 v o l t s .  For 
a given l imi t ing  cur ren t  (given by the flow r a t e  and concent ra t ion  of r e a c t a n t ) ,  
the  important parameters a r e  the  e f f e c t i v e  exchange cur ren t  To, t h e  e f f e c t i v e  
ohmic r e s i s t a n c e  of the  e l e c t r o l y t e  i n  t h e  pores and ml, determined p r i n c i p a l l y  
by the  number of e l e c t r o n s  t r a n s f e r r e d  i n  the  r a t e  c o n t r o l l i n g  s t e p .  The ohmic 
e f f e c t ,  represented by A, does not give a l i n e a r  e f f e c t  on t h e  p o l a r i z a t i o n .  For 
example, i n  going from A/b = 10 to  A/b = 50, the  d i f fe rence  between and qs over 
the  p r a c t i c a l  range i s  not increased 5 times, b u t  l e s s  than 5 t i m e s .  Again, t h i s  
i s  t o  be expected s ince  the  higher  ohmic vol tage gradien t  forces  t h e  r e a c t i o n  t o  
occur a t  nearer  t h e  e x i t  face .  

Again, 

We can see, therefore ,  t h a t  the simpler a n a l y t i c a l  equat ions leading t o  

For a one e l e c t r o n  process a t  room temperature the  s h i f t  would be 

I n  Figure 2, the  uppermost curve represents  equat ion 11 wi th  y = 1.- This 

The e f f e c t  of change of A is  shown i n  Figure 4.  The r e s u l t s  were computed 

Figure 7 shows the  r e s u l t s  p l o t t e d  f o r  l imi t ing  c u r r e n t s  i n  t h e  r a t i o s  1:2:5, 
but wi th  the same io. This would correspond to  a given e lec t rode  and f u e l  a t  d i f -  
f e r e n t  flow r a t e s .  
vary as  the  inverse  of the  r a t i o .  Figure 7 shows t h a t  t h e  i n i t i a l  por t ions  of the 
curves a r e  almost i d e n t i c a l .  The f igure  may be compared wi th  the  experimental 
r e s u l t s  given l a t e r .  

DATA FROM THE LITERATURE 

Note t h a t  A/b w i l l  vary i n  t h e  same r a t i o ,  whi le  To/iL w i l l  

The theory discussed above w a s  f i r s t  t e s t e d  on two s e t s  of experimental 
r e s u l t s  taken from the  l i t e r a t u r e .  The f i r s t  s e t  (9) is  shown i n  Table  1. The 
r e s u l t s  f o r  iL = 80 m amps/cm2 a r e  p l o t t e d  i n  Figure 8.  
5 i t  can be seen t h a t  i o / i L  = 
t h a t  approximately f i t  the  experimental r e s u l t s .  The test of these  va lues  is 
whether they w i l l  accura te ly  pred ic t  the  polar iza t ion  a t  the  o t h e r  l i m i t i n g  cur ren t  

* It should be noted, however, t h a t  exp(q/b) cannot be s e t  equal  t o  1 + q / b  over 
a l l  the  range, because, although revers ib le ,  s t rong  concent ra t ion  p o l a r i z a t i o n  
e x i s t s .  

Comparing wi th  Figure 
A/b = 20, anl = 1/2 ,  i s  one set of condi t ions 
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TABLE I 

2+ 4+ Polarization versus current for anodic reaction of Sn /Sn 
in a flow-through electrode of porous carbon (9) 

2+ 
4+ 

Thickness of electrode 
Feed concentration of Sn 
Feed concentration of Sn 
E lec t roly t e 
Temperature 
Area of electrode 

1 :  
180 
200 

Expt A 

L i 

ma/cm2 

ao 

Flow 
0.96 

ml Imin 

rl 
volts 

0.17 
0.23 

0.27 
0.31 

0.34 
0.38 
0.42 

B 

150 

Flow 
1.80 

ml /min 

0.265 
0.29 

0.315 

0.34 

0.37 

0.39 
0.41 

I *  
U .-Pa 

0.46 

0.50 

0.65 

L i 

400 

Flow 
4.92 

ml /min 

C 

0.30 

0.34 

0.37 

n . 4 1  

0.43 
0 . 4 6  

0.48 
0.51 

0.53 

' I  

1 
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densities. 
10-3, and A/b = (150/80) 20 = 38. 
A/b = 100. Figures 8a, 8b, 8c compare the predicted with the experimental 
values. 
were obtained by visual comparison and are thus only estimations, the agreement 
between predicted and experimental results is good. 
predicted values of qs, the activation-concentration polarization without ohmic 
effects. 

Thus, for iL = 150 m amps/cm2 io/iL must be (80/150) = (5.3) 
For iL = 400 m amps/cm2, io/iL = (2) 10-3, 

= 112 

Figure 8c also shows the 

Bearing in mind that the values of io/iL = 10-2, A/b = 20, 

If the value of A/b is 20 at iL = 80 m amps/sq cm then the effective 

A = iL Lp = 20b, p = (20)(0.052)/(0.08)(0.4) ohm cm = 32.5 ohm cm. 
specific resistance p is given by 

The concentrated solutions used (6N HC1) should have a resistivity of about 2 
therefore 

p’  = p(E/q) y 2 or  E/q = 2/(32.5) = 1/16. 
This value appears to be lower than the optimum, since we would expect E / q  to be 
about 1/5 for normal porosities and tortuosity coefficients. 
factor of 5 and a porosity of about 3077 would give the required E/q value, and 
tortuosity factors up to 5 or even much higher are often found in compacted bodies 
(10). Such high tortuosity factors can sometimes be lowered to more normal values 
of aboutfi by burning out the carbon to remove constrictions and blockages in 
the structure. 

The interesting question now arises as to why om1 = 1/2 gives reasonable 
values, when the over-all process is a two electron process. 
to 1, b is 0.026. 
concentration effects at any given i/iL is very much reduced and more of the actual 
polarization must be ascribed to ohmic loss. The values of A/b (and hence q/E) 
become much greater; the values of io and A obtained using one set of experimental 
results do not give predictions which fit the other two sets of experiment results. 
There is strong evidence, therefore, that the Sn2+ --f Sn4+ reaction has a one 
electron rate controlling step. 

However, a tortuosity 

If anl is set equal 
This means that the predicted polarization due to activation - 

An explanation for this has been given by Vetter 
(12). 

Ko/iL for a limiting current of 80 m amps/sq cm is 
exchange current for the carbon electrode is 0.80 m amps/sq cm. 
ness of electrode is 0.4 cms, the exchange current per cubic cm of electrode is 
2 m amps. As the internal area of the carbon electrode is now known it is not 
possible to convert this figure to a true exchange current per unit area. It must 
be recognized that the absence of data on ‘Io values makes the treatment somewhat 
conjectural . 

The second set of experimental results obtained from the literature are those 
of Perskaya and Zaidenman (8). 
as equation 14, but they solved it (analytically) only for a short range of current 
density, for low polarization conditions. 
be of much use. They used 
a 1 mm thick disc of 
studied was Fe2+ -tFegf, at equal inlet concentrations of 0.005 N in 1 N H2SO4. 
Figure 9 shows their results in terms of 11 versus i/iL, for a limiting current of 
about 180 m amps/sq cm. These results may be compared to the shape of the q, Q 
curves computed for io/iL = 0.5 and A/b = 5, also shown’ in Figure 9 (if anl is 
112, the scales of the two figures are identical). The two curves have a strong 
resemblance and adjustment of ani, io/iL and A/b could no doubt be made to bring 
the values into better correspondence. The ‘lo values, however, appear to be too 
different to correct by such an adjustment, since the experimental values approach 
the limiting current more gradually than predicted. This may be due to assumption 

therefore, the 
Since the thick- 

These authors give essentially the same equation 

The analytical form is too complex to 
In one experiment, however, they measured r), and q. 

orous platinum prepared from platinum powder and the reaction 
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i v  being f a l s e  near the  l i m i t i n g  cu r ren t ,  (see sec t ion  on Second Limit ing Cur ren t ) .  

Assuming the va lues  o f  To/iL t o  be about 0 .5  fo r  the  experimental  r e s u l t s ,  
the  exchange current  per u n i t  volume of e l ec t rode  i s  about 0.9 amps/cm3. 
(13) gives  the exchange c u r r e n t  f o r  t h i s  r e a c t i o n  as 6 m amps/sq cm (with a cathodic  
oml value of 0.58, which suggests  an anodic ml of 0.42) on platinum, a t  0.015 N 
i n  2N H2SO4. Assuming t h e  same exchange cu r ren t  app l i e s  here and co r rec t ing  f o r  
t he  d i f f e rence  i n  concentrat ion,  the e f f e c t i v e  s p e c i f i c  a rea  of the e l e c t r o d e  would 
be (0.9/2)(1000) = 450 sq c m  p e r  cm3, which i s  a reasonable f igu re .  Assuming A/b 
t o  be about 5, b about 0.052 vo l t s ,  then f o r  iL = 185 m amps/sq cm, p i s  equal  t o  
14 ohm. cm. The s p e c i f i c  r e s i s t a n c e  of 1 N H2S04 is about 2.6 ohm. cm, t he re fo re  

Parsons 

q /€  = p/p1 2 5.3 

5 .3  is  a very reasonable va lue  s i n c e  an e l ec t rode  o f ,  f o r  example, 30% poros i ty  
with a to r tuos i ty  f a c t o r  of fi would g ive  q/E = 4.7. 
EXPERIMENTAL RESULTS 

The r e s u l t s  r epor t ed  he re  have been only r ecen t ly  obtained and i n s u f f i c i e n t  
work has been done t o  p re sen t  a complete p i c tu re .  However, some i n t e r e s t i n g  r e s u l t s  
on half  cells can be r epor t ed  which show the  l i m i t s  of t h e  range of a p p l i c a t i o n  of 
the  theory presented above. The d a t a  has been obtained using a ga lvanos ta t i c  tech-  
nique, with a porous e l ec t rode  mounted i n  a l u c i t e  holder ( the  c i r c u i t  and apparatus 
w i l l  be described i n  a la ter  r e p o r t ) .  

To t e s t  whether the theory could explain,  i n  a q u a l i t a t i v e  manner, r e s u l t s  
f o r  dissolved fue ls  such as  methanol, a porous e l ec t rode  made of platinum black 
w a s  used. The use o f  t h i s  c a t a l y t i c  ma te r i a l  made i t  possible  t o  reach the  
l imi t ing  cu r ren t s  a t  vo l t ages  be fo re  t h e  oxygen evolut ion p o t e n t i a l .  A known 
weight of platinum black was compressed between two 80 mesh screens of  b r igh t  
platinum. For the t h i c k e r  e l e c t r o d e s  made with a g r e a t e r  weight o f  platinum 
black, a t h i r d  screen w a s  used i n  the  cen t r e  of t he  electrode.  The e l e c t r o d e  w a s  
clamped i n  a l u c i t e  holder t o  g i v e  compression of  t he  powder. The ohmic r e s i s t a n c e  
through the  e l ec t rode  m a t e r i a l  was found t o  be n e g l i g i b l e .  A f r i t t e d  g l a s s  d i s c  
w a s  used a t  the  entrance f a c e  o f  t he  e l ec t rode  t o  provide a r i g i d  backing and t o  
ensure even flow d i s t r i b u t i o n .  A counter e l ec t rode  of platinum screen was mounted 
i n  the  l u c i t e  tube, i n  l i n e  w i t h  the porous e l ec t rode .  The c e l l  w a s  run v e r t i c a l -  
ly, w i th  the  r eac t an t  d i s so lved  i n  t h e  e l e c t r o l y t e  en te r ing  a t  the bottom, flowing 

e l ec t rode  ( a t  which hydrogen w a s  evolved) and ou t  t o  a c o l l e c t e r  f o r  flow rate  
measurement. Evolved gases  were taken o f f  from the  top of the c e l l .  The vol tage 
between the  e l ec t rode  and t h e  e n t e r i n g  e l e c t r o l y t e  was measured versus  a s a t u r a t e d  
calomel e l ec t rode .  
measured, versus  the  s a t u r a t e d  calomel e lectrode,  by ex t r apo la t ion  t o  the  e l ec tode  
f ace  of measurements a t  two known pos i t i ons  downstream. 

+ h w e . . " h  ch- F- lcc-r l  "-2 *La - ? - - 2  L1- -1 .  -?-*L-->- -L- - L _ _  -..--..p. -..- LL*&-.-.. U I C l C  Y L L U  C L I S  y l a L I L L U L L 1  Y l a G R  SLSLLLVUS,  "F ya*L L L L C  L " " . L L S *  - 

The e l e c t r o d e - e l e c t r o l y t e  vo l t age  a t  the  exi t  f ace  was a l s o  

Blank measurements made wi thou t  a dissolved r e a c t a n t  showed n e g l i g i b l e  cu r -  
r e n t  d e n s i t i e s  between hydrogen evolut ion p o t e n t i a l s  and oxygen evolut ion p o t e n t i a l s  
Some typ ica l  r e s u l t s  using d i s so lved  f u e l  a r e  shown i n  Figures  10 t o  13. A l l  tes ts  
were made a t  room temperature.  
t he  s o l i d  l i n e s  the e x i t  vol tage,  where the  l a t t e r  i s  t h e  curve which shows the  
f u l l  vo l t age  loss a t  the  e l e c t r o d e  ( s e e  l a t e r  discussion of Figure 15) .  I n  general  
the curves were very s t a b l e  and providing t h e  vo l t age  w a s  not taken too  near t o  
oxygen evolution, it was usua l ly  poss ib l e  t o  go up and down the  curve w i t h  n e g l i g i -  
b l e  h y s t e r e s i s .  

The broken l i n e s  represent  the i n l e t  vo l t age  and 

It i s  obvious t h a t  t h e  r e s u l t s  f o r  t h i s  type of e l ec t rode  cannot be completely 
explained by the simple theory developed previously.  
c u r r e n t s  obtained a t  the  l a r g e r  flow rates  were less than those expected from the  

I n  general ,  the l i m i t i n g  

amount of  r eac t an t  being fo rced  through t h e  e l ec t rode .  A discussion of t h e  reasons 
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for this apparent anomaly is given in the next section. 

SECOND LIMITING CURRENT 

A study of the results in Figures 10 and 11 show that zt l ow rates of flow, 
the limiting current obtained was higher than the expected value. This is partly 
due to external back diffusion of unreacted fuel present in the exit volume of 
the cell. In time, the flow of fuel-depleted electrolyte will flush out the exit 
compartment, but at low rates of flow this is a slow process. In later tests on 
a slow flow rate we kept an electrode near the limiting current for over an hour 
and a slow drift of the limiting current to the expected value was observed. 
(This was a tedious process since it required constant adjustment of the current 
to prevent the potential going to oxygen evolution.) 
volume was negligible due to the sintered glass disc at the entrance, and back 
diffusion could have been greatly decreased by using another disc at the electrode 
exit. However, this could have prevented the use of a simple extrapolation method 
to obtain the exit face polarization. At higher flow rates and limiting currents, 
the back diffusion is proportionately less and the flushing of the exit dead space 
proportionately faster. 
back diffusion effect was almost negligible. 

Diffusion from the entrance 

It was found that at a flow rate of about 0.4 cm/min the 

Figures 10 and 11 also show that at high flow rates the limiting current is 
less than that expected. There are at least three possible reasons for this. 
Firstly, radial mass transport hindrance across the pores of the electrode might 
be significant. 
limiting, in which case a chemisorption limiting current is obtained when the 
fractional surface coverage 0 tends t o  zero all over the electrode (7 ) .  Thirdly, 
the electrochemical discharge may be preceded by a dissociation in the bulk of 
the pore electrolyte and the limiting current would then be determined by a 
limiting rate of the predissociation. 

can be solved with sufficient accuracy by considering the mass transfer analogy to 
radial heat transfer in laminar flow systems. The solution for laminar flow, for 
a fixed concentration at the wall and for fully developed velocity and concentration 
profiles, is given by (14) 

Nu = M/k = 3.66 

Secondly, the rate of chemisorption of the fuel might be rate 

Considering the first possibility, that of radial mass transport, the problem 

rate per unit area = h(F$,, - G) (23) 
D is the pore diameter; k is the mass transfer coefficient, which is the diffusion 
coefficient of the reactant in this case; Rm is the mass flow mean concentration 
of reactant and R, is the concentration at the wall of the pore. The assumption 
of negligible entrance effects, and fully developed flow, is probably reasonably 
good because of the very low Reynold's numbers of flow in fine pores. 
current is clearly reached when \ = 0 at all points along the wall of the pore. 
Let A be the specific geometric aregof the walls of pores, in cm2 of area per 
cm3 of electrode (note that A does not necessarily equal S). 
current density in an element dx at the condition where Q = 0 is 

A limiting 

Then the differential 

di = nF 3.66(k/D)ARmdx (24) 
At the 'same time 

di = nFv dR 

i = nFV(Ri-Rm) 

Therefore, 



Rm = (iL1 - i)/nFv 
L L2 and i 

(l/(iL1 - i))di = 3.66(Ak/Dv) dx 
0 n 

(25) -3.66 (AkL /vD) or 
iL2/k1 = 1 - e 

Thus the ratio of the observed limiting current iL2 to that of the expected 
limiting current k1 is given by equation 25, where A/D is an unknown factor. 
estimate of the ratio of limiting currents can be made by taking L as 0.1 cm, 
k as 10-5 cm2/sec, v as 1 cm/sec, A as 500 cm2/cm3 and D as 10 microns. 
exponent of the exponential term is then approximately -20 and the radial mass 
transport effect would be negligible. However, a 10 fold decrease in the magni- 
tude of exponent, given for example by A = 250 cm2/cm3 and D = 50 microns, would 
give a significant effect. 

analyzed by assuming that the limiting rate of chemisorption is given by, 

An 

The 

The second possibility, that of a chemisorption rate limitation can be 

rate per unit area = klR, gm moles/cm2sec. (26) 
This follows from a chemisorption rate equation when 8 +0, 1 - 8 + 1. 
rate constant. 

kl is the 
Equation 24 is now replaced by 

di = nFklSR dx. 

The treatment then follows as before giving 
- ( S  k 1L /v) iL2/iL1 = 1 - e 

The third possibility, of a dissociation before discharge, is similarly 
handled by assuming a dissociation rate of 

rate per unit volume = k2R 
A limiting rate is obtained when the reaction is irreversible and the product of 
reaction is removed, by electrochemical reaction, as fast as it is formed. Then 
the differential current density is given by 

di = nFk2RE dx 

and. as before. , -  

Thus the three possibilities all give rise to a form 

(30) i ~ 2 / i ~ ~  = 1 - e-(JL/v> 
where the exponent includes L/v in all cases, but J has a different physical 
meaning for the different cases. 

If equation 27 or 29 applied it might be expected that different fuels would 
give different values of  J, whereas if equation 25, that for radial mass transport, 
applied then J would be nearly constant for different fuels. 

DISCUSSION OF RESULTS 

Table 2 shows the value of J calculated for a number of different tests. L 

For methanol and potassium 
was determined from the weight of platinum black used in constructing the electrode, 
from the relation 100 mg per cm2 % 1 mm of thickness. 
formate the value of J was approximately constant, with a mean value of 4.8. 
it is considered that the electrodes are pressed powder and can vary between one 
pressing and another, it must be concluded that J is constant within the reproduci- 
bility of the system. No significant difference was present between methanol in 
acid or methanol in alkali, or between these and potassium formate in alkali. This 

When 
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i s  evidence t h a t  the  e f f e c t  is one of r a d i a l  mass t r a n s f e r .  However, the r e s u l t s  
from hydrazine (see below) suggest  t h a t  i f  r a d i a l  mass hindrance i s  present  then 
gas  evolut ion reduces this  e f f e c t .  Gas evolut ion w a s  observed wi th  methanol i n  
ac id  e l e c t r o l y t e .  For potassium borohydride and hydrazine, on the  o ther  hand, J 
was again reasonably cons tan t  but  with a mean value of 35. Bigger J means l e s s  
departure  from the  expected l i m i t i n g  cur ren t  and would be due to  an increased mass 
t ranspor t  fac tor ,  increased r a t e  of chemisorption o r  increased r a t e  of pred issoc i -  
a t i o n .  The hydrazine r e a c t i o n  is;  

N2H4 + 40H' --t N 2  + 4H20 + 4e 

Vigorous gas evolut ion from t h e  t e s t  e lec t rode  w a s  observed. Thus f o r  t h i s  type of 
e lectrode,  t h e  ni t rogen evolved w i t h i n  the  e lec t rode  may increase  the  e f f e c t i v e  
r a d i a l  mass t ranspor t  f a c t o r ;  i t  does not appear t o  blo.ck the e lec t rode .  A block- 
age of the  electrode by t rapped gas  bubbles would be expected t o  reduce t h e  e f -  
f e c t i v e  i n t e r n a l  a rea  of t h e  e lec t rode ,  leading t o  higher p o l a r i z a t i o n  and a 
reduct ion i n  J. Blockage does not  seem t o  occur and the  reason may be t h a t  s ince  
reac t ion  i s  concentrated towards the  e x i t  face, the small bubbles produced by t h e  
r e a c t i o n  may reach t h e  e x i t  face, by v e r t i c a l  t rave l ,  before they grow very la rge .  

Decomposition of t h e  borohydride t o  produce H2 was noted a t  open c i r c u i t  
condi t ions .  Therefore, some p r i o r  decomposition reac t ion  may be postulated,  

BHI  + 2H20 -+ P t  B02' + 4H2 . 
However, t h e  released hydrogen w a s  r e a d i l y  used when appreciable  c u r r e n t s  were 
drawn, giving an o v e r - a l l  r e a c t i o n ,  

B H ~ '  + 8 OH' 4 B O 2 '  + 6H20 + 8e . 
Certainly,  some of t h e  hydrogen re leased  to  the sur face  from the  borohydride w i l l  
never be re leased  as gas  under load, s ince  sur face  hydrogen w i l l  be discharged 
electrochemical ly .  However, i t  i s  poss ib le  t h a t  enough is  re leased  and l a t e r  
reused t o  cause increased r a d i a l  mass t ranspor t ,  comparable t o  t h a t  observed by 
hydrazine. 

The ana lys i s  of J f a c t o r s  given above show tha t ,  a t  l e a s t  f o r  the  platinum 
powder e lectrode,  the  assumption of a n e g l i g i b l e  r a d i a l  mass t r a n s f e r  e f f e c t  may 
not  be v a l i d .  
Although we have not completed the  inc lus ion  of these  e f f e c t s  i n  a more compre- 
hensive Lreacmenc, i c  is reasonabie  co suppose char: che voi tage-current  curves w l i i  
f i t  i n t o  t h r e e  ca tegor ies .  Case 1 would be where JL/v i s  large,  the  i n t e r f e r i n g  
e f f e c t  i s  small and the curves correspond to  the  bas ic  theory. 
r a t e  cont ro l l ing  s t e p  a t  room temperature, t h e  vol tage change between i/iL = 0.1 
and i/i, = 0.9, f o r  the  c e n t e r  of the  qo, T) band, i s  about 0.15 v o l t s .  Case 2 
would be f o r  a moderate va lue  of JL/v, such t h a t  iL2  % iLl, b u t  a considerable  
e f f e c t  on the  shape of  t h e  curve is  present .  The e f f e c t  w i l l  be t o  increase  the  
general  s lope of the vol tage-cur ren t  curves, espec ia l ly  near t h e  l i m i t i n g  cur ren t .  
Case 3 i s  f o r  a small va lue  of JL/v ,  which gives  a g r e a t l y  reduced l i m i t i n g  cur ren t .  
A t  low cur ren ts  the  curves w i l l  be near ly  the same, b u t  t h e  g r e a t e r  the  e f f e c t  of 
JL/v then the more gradual ly  w i l l  the  curves approach the l i m i t i n g  cur ren t ,  the  
s lopes w i l l  be grea te r ,  and t h e  sharp bend-over near the  l imi t ing  cur ren t  f o r  the 
qo l i n e  w i l l  be replaced by a gradual  approach. 
Figure 11, t h e  r e s u l t s  f o r  potassium formate, where the  general  s lope of the  
curves i s  g r e a t e r  than expected, even when the  l imi t ing  current  i s  c l o s e  t o  the  
t h e o r e t i c a l  value.  Figure 10, the  r e s u l t s  f o r  methanol i n  basic  so lu t ion ,  a l s o  
shows t h i s  general behaviour but  t h e  increase  i n  s lope i s  g r e a t e r  than f o r  the 
formate case.  
involved. 
oxidized than methanol o r  formate, therefore  the  o v e r - a l l  methanol curve is  composed 

Al te rna t ive ly ,  a slow chemisorption o r  d i s s o c i a t i o n  may be present .  

For a one e l e c t r o n  

Case 2 behaviour can be seen i n  

This i s  almost c e r t a i n l y  due t o  two s t e p s  of comparable r a t e  being 
Other r e s u l t s  w e  have obtained show t h a t  formaldehyde i s  more rap id ly  
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of, 
carbonate. S Low methanol ‘Low formaldehyde fYt formate 

If the formate oxidation were much slower than the methanol, two waves in the 
voltage-current plot would be observed. However, since they are of comparable 
rate, methanol is reacted to give appreciable concentrations of formate in the 
electrode, which then further reacts as the voltage increases. 
fuze into one long curve. 

hydride reactions are less influenced by the effect. 
that results for a high value of L/v for these systems may approach the expected 
values for the simple theory. 
since back diffusion then becomes appreciable.) Figure 14 shows a comparison of 
experimental results with computed results for hydrazine, assuming a value of A/b 
of 10, an = 1/2, and a value of To/iL of 10-3, based on a theoretical open circuit 
potential of 1.40 volts (v. saturated calomel). The values were selected from the 
difference in entrance and exit polarizations and from the position of the curves 
along the voltage scale. 
are in fair agreement with theory up to values of i/iL of about 0.7, after which 
they show steeper slopes and a less abrupt change to the limiting current. 
the J factor effect comes into play at the higher current densities, in the expect- 
ed manner. The observed open circuit potential is considerably more positive than 
theoretical but this is to be expected since, as the voltage is past the hydrogen 
evolution potential, a mixed potential will result. 
manner as before gives a value of about 1/9, which is reasonable. 

The results shown in Figures 10 to 13 were deliberately taken at low concen- 
trations and flow rates, so that the limiting currents could be reached without 
heating effects. 
the limiting current densities became so great that heating occurred on the passage 
of the electrolyte through the electrode. 
to obtain current densities of two or three amps/cm2 at voltages well below the 
point of oxygen evolution but, in the design of cell used, the ohmic heating at this 
high current caused instability due t o  boiling of the electrolyte. 

fuel and oxidant is illustrated in Figure 15. 
between the electrode potential at a and the electrolyte at b, at ideal zero cur- 
rent conditions. 
these conditions. Under load, eb is the loss of voltage, qol, due to initial 
activation polarization on the fuel electrode, while q1 is the total polarization 
through the electrode. 
the free electrolyte, gh being that across a separator. 
cathode voltage curve to gef for the anode. 
v = Eo - (q1 + qr + rl2). 
values versus current density for the given fuels. 

The two waves 

The analysis of J factors given above indicate that the hydrazine and boro- 
Therefore, it is possible 

(It is not possible to use too low flow rates, 

It can be seen that the shapes of the experimental curves 

Thus, 

Calculation of E/q in the same 

At concentrations of several moles/litre, and high flow rates, 

Under these conditions it was possible 

The voltage in a fuel cell consisting of two flow-through electrodes using 
Line ab represents the voltage change 

cd is the voltage change from the electrolyte to the cathode under 

The line fghi represents the ohmic voltage gradients through 
ijk is the equivalent 

The terminal voltage is now V, where 
The results presented in Figures 10 to 13 show only 111 

CONCLUSIONS 
The theory developed for the combined effects of activation, concentration 

and ohmic polarization at porous flow-through electrodes is likely to apply for 
simple redox systems and electrodes of small pore diameter. In studies of this kind 
of electrode it is essential to make measurements of entering and exit voltage in 
order to obtain a complete picture of the process. Results using methanol, formalde- 
hyde, potassium formate, hydrazine and sodium hydroboride at non-consolidated electro 
des of platinum black show that further factors are involved. These factors may 
include more complex forms of the electrochemical discharge equation, involving a 
bulk predissociation or chemisorption step, or a radial mass transfer hindrance. 
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potassium borohydride could b e  completely u t i l i z e d  giving e igh t  e l ec t rons  per mole- 
c u l e  and hydrazine could be u t i l i z e d  t o  N2, g iving four e l ec t rons  per molecule. 
evo lu t ion  of gas  d id  no t  hinder  t h e  performance of t he  e l ec t rode .  
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THE DEVELOPMENT O F  A HIGH EFFICIENCY NON-POROUS HYDROGEN 
DEPOLARIZED ANODE FOR FUEL CELLS 

H. G. Oswin andS.  M. Chodosh 

Leesona Moos Laboratories,  A Division Of Leesona Corporation 
Great  Neck, New York 

During investigations of many types of anodes we have found that all 
conventional porous anodes suffer f rom the disadvantage that physical control of 
the three phase interface is necessary  in  order to stabilize the system and maintain 
an acceptable level of polarization. 
this control over the meniscus: 

electrode in the manner developed by F. T. Baconl, and generally known as the 
biporous electrode structure. 
the one facing the electrolyte having a mean pore size smaller than that of the 
coarse pore  structure facing the g a s  phase. 
ential p re s su re  applied ac ross  the electrode, a stable interface i s  maintained 
somewhere within the electrode. 
bubbling will commence at  the largest  pore in the fine pore layer. 

such as those described by Justi2,  which are used in  a bubbling condition. This 
again necessitates a certain differential p ressure  a t  which an acceptable rate of 
bubbling occurs  through some of the la rger  pores while a stable interface is main- 
idned  in pores of smaller diameter. 

structure.  This consists of applying a waterproofing layer to the surface of the 
porous structure,  which apparently prevents gross flooding of the la rger  pores. 
Whether o r  not the smaller  pores  of the structure a re  flooded i s  not obvious. 
Likewise, electrodes can be constructed by incorporating waterproofing agents such 
a s  Teflon o r  Kel-F into a finely dispersed metal powcjer which is then fabricated 
into a porous layer. 

All these three types of electrode have certain disadvantages such a s  the 
difficulty of controlling bubbling on waterproofed o r  homoporous structures with the 
consequent loss of fuel and its attendant dangers, o r  in the case of biporous 
structures quality control during manufacture i s  essential to achieve reproducible 
porous structures . 
difficult to define interphase s t ruc tures  in the case of such systems as Pt/ion 
exchange membranes and P t /Zr02-Ga0 .  

There a r e  presently three ways of achieving 

1. The interface can be maintained by  controlling the porosity of the 

Essentially this consists of two porous structures,  

Thus by careful control of the differ- 

If a certain differential p ressure  is exceeded, 

2.  Many other investigators have used the homoporous electrode structures, 

3. The third commonly used technique is to waterproof the electrode 

The case of true,  solid electrolytes is, of course, unique, and i t  is more 

f 
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However, i t  was evident that i f  a solid diffusion anode could be made by 
simple procedures, it would possess some unique advantages. 
view. we chose to investigate the palladium alloy systems as  a possible way of 
making solid'non-porous diffusion anodes. 

With this object in 

PHYSICAL AND ELECTROCHEMICAL MECHANISMS INVOLVED 

The processes occurring in  the solid non-porous diffusion type electrode 
a r e  shown in Figure 1. The f i r s t  stage involves chemisorption and dissociation of 
the hydrogen accompanied by the formation of metal  hydrogen bonds at the surface. 
The hydrogen then diffuses as a proton interstitially through the bulk metal; the 
nature of the diffusion mechanism at grain boundaries is  not defined. On reaching 
the electrolyte surface of the membrane the protons emerge into specific bound 
surface states from which they a r e  removed by the potential difference across the 
double layer. Thus the total process involves three distinct activation energies: 
activation energy of dissociation, activation energy of the bulk diffusion process,  
and the activation energy for the transfer of protons at  the electrolyte interface. 
There exists a concentration gradient of protons across  the membrane which 
provides the driving force for the diffusion process.  
been to dete.rmine the role of these various processes and the rate-controlling 
mass- t ransfer  mechanisms. 

P a r t  of the investigation has 

EXPERIMENTAL PROCEDURES 

During the development of this electrode both electrochemical studies and 
The diffusion studies gaseous diffusion studies were carr ied out simultaneously. 

will, however, be reported separately, but i t  will be noted that they have confirmed 
the findings of the electrochemical studies. 

The electrochemical studies were carr ied out under controlled conditions of 
temperature and p res su re  using in  most cases half cells, that i s ,  the cathode of the 
cell consisted of a platinum gauze from which hydrogen was evolved. Certain of 
the early feasibility studies and the scale-up studies were conducted on cells 
containing oxygen depolarized cathodes. During the feasibility stage some of the 
electrodes investigated consisted of tubular structures of the type used for gaseous 
diffusion and separation of hydrogen. 
incorporated into concentric type cells giving high power density per unit volume, 
but the many problems associated with fabricating, sealing, and gasketing biporous 
tubular cathodes resulted in the use of more suitable designs. 
extremely difficult to calculate current-density distributions in cells using circular 
cross-section electrodes, i. e . ,  tubes, unless the surrounding cathode was exactly 
concentric. 

electrode which consisted of a palladium-silver tube containing hydrogen under 
pressure  which acted as a non-polarizable reference. 
a r e  measured against the reversible hydrogen electrode in the same electrolyte 
under the same conditions (sometimes referred to as the E* scale). 

It had been hoped that these could be 

It was also found 

Polarization measurements were made in all cases against a hydrogen 

Thus, all potentials quoted 



Electrode dimensions were in  most cases  one-inch diameter flat membranes; 
in scale-up studies three-inch, five -inch and six-inch square electrodes were used. 
Except where stated, 7570 Pd-2570 Ag was the alloy used. 

hydroxide, sulfuric acid, and phosphoric acid over the temperature range from 
room temperature to 25OoC. 

All of the data presented he re  (except Figure 6) a r e  steady state polarization data 
and do not include any data derived from galvanostatic transients. 
IR drops a r e  included in the measurements: i. e . ,  those caused by conductor 
resistance 8 .  

' 

Electrolytes used during the studies consisted of USP grades of potassium 

Luggin capillaries were  used to measure the potential at the electrode surface 

Thus al l  electrode 

FEASIBILITY STUDIES 

Initial feasibility studies were conducted on 25% silver 7570 palladium alloy 
membranes at temperatures up to 25OoC. 
variable, but very encouraging. Limiting currents up to several  amps /cm2 were 
observed and polarizations of the order  of 150 m V  were obtained over the cur ren t  
density range of 200 to 400 amps/ft2. 
irreproducibility and varying ra tes  of surface poisoning prompted a study of 
surface treatment and preparation. 

These ear ly  results were somewhat 

However, at lower temperatures occasional 

THE EFFECTS O F  SURFACE PRE-TREATMENT 

The effects of surface preparation a r e  shown in  Figure 2, which clearly 
indicates the effect of treating of gas and electrolyte surfaces separately and in  
combination. In order  to demonstrate the effects clearly, polarization values a r e  
shown for various membranes at 150%. Pre-treatment of the electrolyte surface 
has a significant effect on the activation polarization and has obviously resulted in 
a much more  active surface,  either by lowering the activation energy of the process 
or by increasing the number of si tes available. 
however. Activation of the gas surface demonstrates a marked effect on the 
limiting current density obtainable f rom the membranes, confirming as we had 
suspected that the surface absorption and dissociation processes were a rate 
controlling mechanism. 
side surface has an effect on the "activation-polarization" region as  well as limiting 
currents. This is in fact accounted for by the increased diffusion of hydrogen to 
the electrolyte surface resulting in  a greater concentration of hydrogen in the 
double layer. This increases  the pre-exponential factor in the rate equation, 
resulting in  higher currents at a given polarization value. 
and electrolyte side pre-treatment results in an electrode having both high limiting 
currents and low polarization. 

Diffusion studies conducted concurrently confirmed the results of the 
electrochemical investigation, namely, that at lower temperatures the surface 
processes were rate controlling. However limiting currents a r e  always somewhat 
la rger  than those predicted from diffusion experiments. The probable explanation 
of this anomaly is  that on polarizing the electrode a very low pressure of hydrogen 

Limiting currents a r e  not affected 

It is of interest  to note also that pre-treatment of the gas- 

The combination of gas 

1 
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exists at the electrolyte interface. 
process eliminates the recombination step: H t H 3 H 2 .  The removal of H from 
the surface under conditions of polarization can be far more rapid than desorption 
of H2. 

surface" is potential-controlling while the "gas -surface" is  rate -controlling. 

methods of preparing the diffusion electrodes with extremely good reproducibility 
and with a minimum need for  quality control procedures. 

inve s t i  gations were conducted. 

Taking a very simple view, the electrochemical 

I 

The investigation of surface treatment indicates clearly that the "electrolyte - 

\ From a practical point of view, this phase of the investigation resulted in  

? ~ 

Having easily reproducible electrodes available, a ser ies  of parametric 

TEMPERATURE DEPENDENCE 

The effects of temperature on polarization and limiting currents a r e  shown 
in Figure 3 over the range from room temperature to 200°C. 
temperature polarization is  considerably increased, limiting cur ren ts  of the order  
of 300 to 400 mA/cmZ a r e  still obtainable and the electrode can provide adequate 
starting power from ambient. Above 100°C the measurement of limiting current 
becomes extremely difficult due to the very high current values involved. 
example, measurements at 200°C have indicated limiting currents i n  the region of 
3,500 to 4 ,000  amps / f t2 ;  it is virtually impossible to measure such high limiting 
currents with accuracy. 

Although at room 

F o r  

DURABILITY OF THE ANODES 

Many anodes of various sizes have been investigated for periods up to 500 
hours under varying load conditions. 
controlling electrode durability. 
palladium silver is some 800 mV positive to hydrogen, only complete poisoning of 
the electrode surface can result in such excessive polarization and subsequent 
corrosion. It has been our experience using the electrolytes described and gases 
of commercial purity that this situation does not, in fact, a r i s e  and there appears 
to be no theoretical limit to the lifetime of the electrodes. 

Corrosion appears to be the only factor 
However, since the corrosion potential of 

THE EFFECT O F  ELECTROLYTE COMPOSITION 

The effect of electrolyte concentration has been studied and there appears to 
be no particular effect on polarization or limiting current over the composition 
ranges of interest. Naturally the specific resistivity of the electrolyte varies and 
this can, of course, affect the over-all polarization of the cell. 

concentration polarization at the surface due to electrolyte species. 

The lack of 
1 invariance with electrolyte concentration indicates the minimum importance of 

Polarization in acidic or basic. electrolytes i s  similar. \ 
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THE LIMITING EFFECTS O F  HYDROGEN PARTIAL PRESSURE 

A study of the partial p re s su re  effects of hydrogen indic'ated that partial 
p ressure  has little o r  no effect on polarization until limiting current density regions 
are approached. 
density is demonstrated in Figure 4. It will be noted that significant current 
densities can be sustained at partial pressures of hydrogen as low as 1 psia. 

of operating with impure hydrogen s t reams,  this is an  extremely important finding 
since i t  determines the degree of utilization of the fuel. F o r  example, if  the 

2 limiting cur ren t  density acceptable i s  150 mA/cm , then the partial pressure of 
hydrogen in the purge gas,  i. e . ,  the gas being discarded from behind the electrode, 
would be approximately 1 psia. If the in-going partial pressure of hydrogen i s  
atmospheric, i. e. , 15 psia,  this would represent about 9370 utilization of the 
hydrogen. 
fuel utilization, 

The effects of partial p ressure  of hydrogen on limiting current 

In connection with our original concept for a solid, diffusion-anode capable 

An in-going par t ia l  hydrogen pressure of 25 psia would result in 96% 

THE EFFECTS OF MEMBRANE THICKNESS 

The effects of membrane thickness on the polarization and limiting current 
The effects on polarization at current densities below the are shown in  Figure 5. 

limiting cur ren t  density region are negligible. Limiting current density, however, 
is an  inverse function of thickness for a given partial p ressure  of hydrogen, thus 
indicating that performance,. as well as  economics, can be improved by the use of 
extremely thin membranes. 

STUDY O F  POISONING EFFECTS 

A comprehensive study of poisoning has been conducted. Poisoning of the 
electrode/electrolyte interface is  of course effected (as a r e  all metal  surfaces) 
by excessive amounts of heavy metal  ions and chloride ions but in all cases using 

been observed under working conditions. 
A comprehensive study of poisoning of the gas surface has been made 

including in the hydrogen-containing s t reams hydrocarbons, methanol, formaldehyde, 
formic acid, CO, C02,  ammonia, nitrogen, and water. By control of flow rates 
and conditions on the gas side of the membrane, none of the above-mentioned 
materials have been observed to cause significant polarization effects. 

been completed. 
quantity these particular elements might occur in reformed streams. Also if a 
reformer s t r eam i s  used f o r  the fuel cell w e  do not expect the membrane to be any 
m o r e  susceptible t o  poisoning than the reforming catalyst, which may, in fact, 
remove selectively some of the undesirable materials such as sulfur and vanadium. 
Generally speaking, we can expect sulfur poisoning to become more important at 
lower temperatures. 

TJSP g;r=des cf e ! e c t r ~ ! y t e  z ~ d  c?i~ti??=d ;;.~ki i i ~  d e k ~ i ~ ~ a t i a l i  in pr.r;urrndnce has 

The studies of sulfur impurit ies and trace metals such a s  vanadium have not 
It is difficult a t  this time to  predict in  what form and in what 

Carbon deposition on the gas surface has never been observed. 

I 
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An interesting effect, which is a form of poisoning has been studied. 
effect was reported by Darling3 in the course of hydrogen diffusion studies through 
palladium. He observed that even when using electrolytic hydrogen of high purity, 
that a constant diffusion rate could only be maintained by "purging" the high 
pressure side of the membrane. We observed the same phenomenon with "pure" 
hydrogen using the Pd-Ag anode. If the gas-vents were closed. a steady increase 
in polarization ensued. An experiment in which the t tpurett  (electrolytic) hydrogen 
was f i r s t  diffused through Pd-Ag and then supplied to the Pd-Ag anode resulted in 
the disappearance of the phenomenon. It can only be concluded that an impurity is  
present  in small  quantities and since the "Darling effecttt i s  observed over a range 
of temperature from ambient to 600OC, it is likely that the impurity does not 
chemisorb o r  physically adsorb. 
pores restricting hydrogen diffusion to active si tes on the metal  surface of such 
pores and cracks. 

The 

Most probably it accumulates in surface micro- 

0 ELECTROCHEMICAL CHARACTERISTICS O F  THE 
SOLID DIFFUSION ELECTRODE 

Polarization values for the electrode at  2OO0C derived by transient techniques 
a r e  shown in Figure 6 plotted on a semi-log basis. 
been predicted, that the electrode exhibits Tafel behaviour. 
of the large currents involved it has not been possible to study the electrode 
polarization far into the linear Tafel region; IR contributions become excessively 
large. Essentially, at practical  current densities the electrode polarization is i n  
the non-linear Tafel region. 

It would appear, as  might have 
Unfortunately because 

& 

? 

THE EFFECT OF MEMBRANE COMPOSITION 

The effects of various alloy compositions were studied and results are 
shown in Figure 7. 
polarization and higher limiting currents than a l l  other compositions studied and there 

si lver in the alloy. 

The 25% silver 75% palladium alloy demonstrates superior 

b appears to be little economic advantage at  this stage to increasing the amount of 

\ 
SCALE-UP STUDIES 

\ Scale-up studies have been cQnducted on electrodes from one inch diameter 
to six inch square size. 
five inch diameter. 

Results a r e  shown in Figure 8 for electrodes of one, and 
The differences in polarization behaviour a r e  not significant. 

I 



FUTURE APPLICATIONS OF THE ELECTRODES 

This non-porous diffusion anode has been developed to the stage where 
reproducibility and simplicity of manufacture have been amply demonstrated. I t s  
extreme thinness and ability to handle high current densities make it intrinsically 
suitable for  very high power density systems. 

susceptibility to poisoning show i t  to be an electrode which i s  extremely suitable 
for use with reformer s t r eams  using cheap hydrocarbons, methanol o r  ammonia, 
as fuel. Its ability to operate in  alkaline o r  acid electrolyte make it a versatile 
anode, a s  does the fact that i t  can operate a t  negative, .zero,  
differential pressures. 

of Mr. 
Palmer. 

Further, its ability to handle impure s t reams of hydrogen and i ts  low 

or  positive 

The authors acknowledge the technical contributions and experimental studies 
F. Malaspina and the results of the diffusion studies conducted by Mr. N. I. 
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Figure 1 - Sequence of Mechanisms Involved ot Non-Porous Anode 

E loctde:  75% PI-25% A9 

Counter Electrode: Pt 
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Type Of Preparation 
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Gmnt Dmrih 
Figure 2 - Effmct of Surface Preparation on Polorirotion of Membrane Anode 
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Current Dmsih fmA/cm'  I . .  
Fipra 3 - POlOrilOtiM of Pd-Ap/H, Anode os D Function of  Temperohm 

Electrode: 75% Pd - 25% Ag 

Electrolyte: KOH 

Temperoture: 20VC 
Fuel: Hydrogen 

Counter Electrode: P t  

i ,  I 

Limiting Curmnt Density (mA/cm') 

Figure 4 - Limiting Current Density of Pd-Ap/H, Anode os a Function of Hydrogen Partial Pressure. 
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Electrolyte: KOH 
Counter Electrode: P t  

Temperoturc: 20OoC 
/ 

Fuel: Hydrogen / 

Current Density (mA/crn2) 

Figure 7 - Anode Polorizotion os o Function of Membrone Composition. 

Electrolyte: KOH 

Counter Electrode: P t  

Temperoture: 2 W C  
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Figure 8 - kole.up Effects: I" and 5" Diometer Anodes 
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A N e w  Fuel  C e l l  Anode C a t a l y s t  
Raymond J a s i n s k i  

Resea rch  D i v i s i o n ,  A l l i s -Cha lmers  Manufac tu r ing  Company 
Milwaukee 1, Wiscons in  

I n t r o d u c t i o n  

The o p e r a t i n g  cost of a f u e l  c e l l  power p l a n t  is d e t e r m i n e d  
p r i m a r i l y  by t h e  cost o f  t h e  f u e l .  A l though  hydrogen  is g e n e r a l l y  
more e x p e n s i v e  t h a n  me thano l  or p ropane ,  t h e r e  are a number o f  s i t u a -  
t i o n s  i n  which  f u e l  c e l l s  o p e r a t i n g  on  hydrogen  could be economica l .  
An example o f  t h i s  is t h e  o n - t h e - s i t e  f u e l  c e l l  o x i d a t i o n  o f  by-product  
hydrogen  o b t a i n e d  from commerc ia l  p r o c e s s e s  s u c h  as the  e l e c t r o l y t i c  
p r o d u c t i o n  o f  c h l o r i n e .  A i r  w o u l d  be u s e d  as t h e  o x i d a n t .  

One o f  the  p r i n c i p a l  i t e m s  which  a f f e c t s  the c a p i t a l  cost  of t h e  
f u e l  cel l  power p l a n t  itself is t h e  cost o f  t h e  anode  and  c a t h o d e  
c a t a l y s t s .  
d e s c r i b e d  i n  t h e  l i t e r a t u r e  have employed n o b l e  metals s u c h  as p l a t i n u m  
and  p a l l a d i u m .  These  metals are e x p e n s i v e ,  and  some q u e s t i o n  has been  
ra ised r e g a r d i n g  a n  a d e q u a t e  n a t u r a l  abundance  o f  the e l e m e n t s  ( 1 ) .  

The m a j o r i t y  o f  t h e  ambien t  t e m p e r a t u r e  H2/02 f u e l  c e l l s  

T h e r e  are t w o  a l t e r n a t i v e s  t o  d e v e l o p i n g  i n e x p e n s i v e  c a t a l y s t -  
a n o d e s ,  e i t h e r  r e d u c e  t h e  amounts o f  the  n o b l e  m e t a l  c a t a l y s t  on t h e  
electrode t o  a b o u t  1 mg/in2 of electrode, or employ less e x p e n s i v e  
non-noble m e t a l  c a t a l y s t s .  

The l a t te r  a p p r o a c h  h a s  been  f o l l o w e d  f o r  s x a m p l e ,  by E. J u s t i  ( 2 ) ,  
who s u c c e s s f u l l y  c o n s t r u c t e d  hydrogen  a n o d e s  s t a r t i n g  w i t h  the Raney 
a l l o y  ( N i 2 A 1 3 ) .  It would a p p e a r ,  however,  t h a t  t h e  economic advan tage  
o f  employing  r e l a t i v e l y  i n e x p e n s i v e  metals, n i c k e l  a n d  aluminum, is 
more t h a n  b a l a n c e d  by t h e  r e l a t i v e l y  i n v o l v e d ,  and hence  c o s t l y ,  p ro-  
c e d u r e  o f  electrode p r e p a r a t i o n .  Fu r the rmore ,  t h e  p rob lems  i n  a d a p t i n g  
t h e s e  p r o c e d u r e s  t o  t h e  p r e p a r a t i o n  o f  large e l e c t r o d e s  f o r  t h e  c o n s t r u c -  
t i o n  o f  f u e l  c e l l  power p l a n t s  may l i m i t  the a p p l i c a t i o n s  o f  t h i s  
c a t a l y s t .  

n o b l e  m e t a l ,  hydrogen  anode  c a t a l y s t ,  n i c k e l  b o r i d e ,  (3f T h i s  material  
is r e l a t i v e l y  i n e x p e n s i v e  and is e a s i l y  s y n t h e s i z e d  i n  t h e  form o f  a n  
electrode. 

These  problems are n o t  s i g n i f i c a n t  w i t h  the u s e  o a new, non- 

The p r o p e r t i e s  o f  n i c k e l  b o r i d e  as a n  anode  i n  t he  hydraz ine /02  
c e l l  a n d  the pBX4/O2 c e l l  have  been  d i s c u s s e d  e l s e w h e r e  ( 4 , 5 ) .  
was shown t h a t  fo r  these ce l l s ,  t h e  n i c k e l  b o r i d e  c a t a l y s t - a n o d e s  
were a p p r o x i m a t e l y  0.1 v o l t  more e f f e c t i v e  f o r  t h e  direct  f u e l  c e l l  
o x i d a t i o n  o f  N2H4 and  KBH4 t h a n  a p a l l a d i u m  c a t a l y s t .  

d i s c u s s e d  o n l y  b r i e f l y  i n  t h e  l i t e r a t u r e .  N i c k e l  b o r i d e  has been  
r e p o r t e d  t o  be s u p e r i o r  i n  c a t a l y s t  a c t i v i t y  t o  Raney n i c k e l ,  and  more 
r e s i s t a n t  t o  f a t i g u e  i n  t h e  h y d r o g e n a t i o n  o f  s a f r o l e ,  f u r f u r a l  and  
b e n z o n i t r i l e  (6). Some o f  t h e  p r o p e r t i e s  o f  t h i s  material have  a lso 
b e e n  d e s c r i b e d  i n  t h e  Russ i an  l i t e r a t u r e  ( 7 ) .  More r e c e n t l y ,  H. Brown 
has d i s c u s s e d  t he  h y d r o g e n a t i o n  of o l e f i n s  by n i c k e l  boride (8).  

I t  

The chemica l  h y d r o g e n a t i o n  p r o p e r t i e s  o f  t h i s  ca ta lys t  have been  
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N i c k e l  b o r i d e  c a n  be formed by h e a t i n g  n i c k e l  o x i d e  t o  700- 
lO0O'C i n  a s t r e a m  of BCl3 and I12 (9). 
i n v o l v e s  e l e c t r o l y s i s  of n i c k e l  o x i d e  " d i s s o l v e d  i n  v a r i a b l e  q u a n t i -  
t ies  o f  a l k a l i  tetraborates" (10). The compound c a n  a l s o  be formed 
d i r e c t l y  from t h e  e l e m e n t s  by d i f f u s i n g  powdered bo ron  i n t o  the 
r e d u c e d  n i c k e l  ( 1 1 ) .  However, t h e  most c o n v e n i e n t  method h a s  been  
t h a t  deve loped  by H .  S c h l e s i n g e r  (12 )  i n  which N i 2 B  is formed by 
combining  s o l u t i o n s  o f  p o t a s s i u m  b o r o h y d r i d e  and  a n i c k e l  s a l t .  

Another  method o f  p r e p a r a t i o n  

Chemiso rp t ion  P o r p e r t  i e s  

N i c k e l  b o r i d e ,  p r e p a r e d  by t h e  S c h l e s i n g e r  method, is formed i n  
a n  a tmosphe re  of hydrogen ,  produced  by the decompos i t ion  o f  t he  excess 
KEiQ on the  c a t a l y s t  s u r f a c e .  As a r e s u l t ,  t h e r e  is a c o n s i d e r a b l e  
q u a n t i t y  o f  H2 chemiso rbed  on t h e  m a t e r i a l  so t h a t  i n  some cases i t  
may b e  p y r o p h o r i c .  H o w e v e r  no d i f f i c u l t y  was e x p e r i e n c e d  i n  h a n d l i n g  
t h e  e l e c t r o d e s .  

The c h e m i s o r p t i o n  o f  hydrogen  on  n i c k e l  b o r i d e  was s t u d i e d  as  a 
f u n c t i o n  o f  t e m p e r a t u r e .  (The sample  employed i n  t h e s e  e x p e r i m e n t s  
had  a s u r f a c e  area o f  15 mZ/gm, as d e t e r m i n e d  from t h e  p h y s i c a l  
a d s o r p t i o n  o f  n i t r o g e n  at - 1 9 6 O C . l  Adsorbed hydrogen was removed by 
e v a c u a t i n g  t h e  sample  a t  2 0 O O C  t o  a p r e s s u r e  of less t h a n  one  mic ron .  
A s  w i l l  be shown below, h e a t i n g  a t  t h i s  t e m p e r a t u r e  h a s  o n l y  a minor 
e f f e c t  on  s u r f a c e  area. The r e s u l t s  a r e  summarized i n  T a b l e  I for  
t h e  a d s o r p t i o n  of hydrogen  at  a p r e s s u r e  o f  one  a tmosphe re .  

TABLE I 

A d s o r p t i o n  o f  H2 on  Ni2B 

Tempera ture  

-196OC 
O 0  

25-  
150' 
275' 

Volume Adsorbed (STP) 
(cc /gram) 

0.6 
3.5 
3 . 4  
3.2 
2 .3  

The volume o f  n i t r o g e n  r e q u i r e d  to  form a p h y s i c a l l y  a d s o r b e d  
monolayer  on t h i s  s ample  was 3.5 cc/gram. 
a t  room t e m p e r a t u r e  c o r r e s p o n d s  v e r y  c l o s e l y  t o  a monolayer .  

The v a r i a t i o n  o f  t h e  q u a n t i t y  o f  hydrogen adso rbed  w i t h  t empera -  
t u r e ,  as shown i n  T a b l e  I, is c h a r a c t e r i s t i c  o f  a c t i v a t e d  a d s o r p t i o n .  
A t  -196'C, t h e  hydrogen h a s  i n s u f f i c i e n t  e n e r g y  t o  overcome the e n e r g y  
b a r r i e r  for a d s o r p t i o n .  A t  t h e  h i g h e r  t e m p e r a t u r e s ,  (275') t h e r e  is  
s u f f i c i e n t  ene rgy  t o  b r e a k  t h e  chemica l  bonds  h o l d i n g  t h e  hydrogen  t o  
the  s u r f a c e  of t h e  s o l i d  a n d  t h e  q u a n t i t y  .of g a s  adsorbed decreases. 

A b r i e f  s t u d y  w a s  a l so  made of t h e  p h y s i c a l  s t r u c t u r e  o f  t h e  
c a t a l y s t  as a f u n c t i o n  o f  s i n t e r i n g  t e m p e r a t u r e .  
was h e a t e d  under vacuum t o  a r a n g e  of s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s .  
The s u r f a c e  area o f  t h e  s a m p l e  was d e t e r m i n e d  between h e a t  t r e a t m e n t s  
f rom t h e  N2 a d s o r p t i o n  i s o t h e r m .  

Thus t h e  a d s o r p t i o n  o f  H2 

A sample  o f  N i 2 B  

1 
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The sample  w a s  f i r s t  degassed  at  ambient  t e m p e r a t u r e  u n t i l  a 

The boride w a s  t h e n  h e a t e d  under  vacuum t o  200OC and 

c o n s t a n t  p r e s s u r e  of less t h a n  one mic ron  w a s  reached. A n i t r o g e n  
a d s o r p t i o n  isotherm, measured  a t  -195'C, i n d i c a t e d  a s u r f a c e  area Of 
2 2 . 5  m2/gm. 
h e l d  at  a p r e s s u r e  o f  less t h a n  one mic ron  f o r  f o u r  h o u r s .  A s e c o n d  

, n i t r o g e n  i s o t h e r m  i n d i c a t e d  a s u r f a c e  area of 21.3 m2/gm. 
crease is s m a l l ,  i n d i c a t i n g  l i t t l e ,  i f  any ,  s i n t e r i n g  o f  t h e  n i c k e l  
b o r i d e .  Next, t h e  sample  w a s  h e a t e d  t o  35OoC f o r  17-1/2 h o u r s  at a 
p r e s s u r e  o f  less t h a n  one  mic ron .  The s u r f a c e  area d ropped  t o  13.3 
m2/gm. 
f i n a l  s u r f a c e  area w a s  6.38 m2/gm. 

The de- 

F i n a l l y  the sample  w a s  h e a t e d  t o  475'C f o r  2-1/2 h o u r s .  The 
T h i s  d a t a  is p l o t t e d  i n  F i g u r e  1. 

Very l i t t l e  c h e m i s o r p t i o n  o f  hydrogen  w a s  n o t e d  o n  t h e  Ni2B 
sample  a f t e r  s i n t e r i n g  a t  350 'C.  
t h e  hydrogen isotherm measured .  A f t e r  e v a c u a t i n g  t o  a p r e s s u r e  of 
<1p a t  t h i s  t e m p e r a t u r e  t o  remove o n l y  p h y s i c a l l y  a d s o r b e d  hydrogen ,  
a n o t h e r  hydrogen  i s o t h e r m  was measured .  The two i s o t h e r m s  were 
i d e n t i c a l ,  i n d i c a t i n g  a t  most, weakly adso rbed  hydrogen .  T h i s  l o s s  
o f  a c t i v e  a d s o r p t i o n  s i t e s  on  s i n t e r i n g  is conf i rmed  by  electro- 
chemica l  d a t a .  Fuel ce l l s  c o n t a i n i n g  Ni2B a n o d e s  wh ich  had been  
s i n t e r e d  a t  5OO0C d i d  n o t  a t t a i n  a v o l t a g e  greater t h a n  0.4V, w h i l e  
t h e  s a m p l e s  s i n t e r e d  at  400'C a t t a i n e d  a c e l l  v o l t a g e  o f  one  v o l t  
b u t  o n l y  v e r y  s l o w l y .  

Apparen t ly ,  t h e  a c t i v i t y  of t h e  e l e c t r o c a t a l y s t  w a s  more s e n s i -  
t i v e . t o  h e a t  t r e a t m e n t s  t h a n  would be e x p e c t e d  s i m p l y  from changes  
i n  s u r f a c e  area. A 3" x 3" anode, g e n e r a t i n g  a p p r o x i m a t e l y  10 m a / c m 2  
must have  at  least 1019 hydrogen atoms chemiso rb ing  a n d  r e a c t i n g  p e r  
s e c o n d .  The minimum c u r r e n t  i nvo lved  i n  t h e  v o l t m e t e r  r e a d i n g  of 1 
v o l t  w a s  a p p r o x i m a t e l y  amps, i . e . ,  1013 hydrogen  atoms r e a c t i n g  
p e r  s econd .  A c a t a l y s t - a n o d e  s i n t e r e d  a t  500'C a c h i e v e d  a n  open  
c i r c u i t  v o l t a g e  o f  o n l y  0 . 4  v o l t .  Assuming a p r o p o r t i o n a l i t y  be tween 
t h e  rate o f  r e a c t i o n  and  t h e  number o f  a c t i v e  sites, t h e r e  must have 
been  a d e c r e a s e  by a f a c t o r  o f  106 i n  t h e  number o f  a c t i v e  sites upon 
s i n t e r i n g  at 500'C. The s u r f a c e  area, however, w a s  decreased o n l y  by 
a f a c t o r  o f  f o u r .  

The sample  w a s  cooled t o  25OC and 

T h i s  c o n c l u s i o n  is also a p p a r e n t  from a compar i son  of the hydrogen 
c h e m i s o r p t i o n  a f t e r  s i n t e r i n g  a t  350'C w i t h  t h e  l o s s  o f  s u r f a c e  area. 
The c h e m i s o r p t i o n  o f  H2 w a s  r educed  t o  a n e g l i g a b l e  v a l u e  w h i l e  t h e  
s u r f a c e  area had d e c r e a s e d  by  a f a c t o r  of f o u r .  

Anode O x i d a t i o n  o f  H2 

N i c k e l  b o r i d e  w a s  s t u d i e d  a s . a  H anode  c a t a l y s t  i n  t w o  forms ,  
f i r s t  as the powder and  t h e n  s u p p o r t e i  on a po rous  n i c k e l  p l a q u e .  
The powder was p r e p a r e d  by combining  a b a s i c  s o l u t i o n  o f  5% KBH4 w i t h  
a d i l u t e  aqueous  s o l u t i o n  of a n i c k e l  s a l t ,  e .g . ;  n i c k e l  acetate.  A 
vo luminous  b l a c k  p r e c i p i t a t e  formed immedia te ly ,  and  w a s  accompanied 
by a r a p i d  e v o l u t i o n  o f  hydrogen g a s .  The d e t a i l s  of t h e  p r o c e d u r e  
are a l l  w e l l  documented ( 6 )  and  Ni2B is t h e  sole,  i n s o l u b l e ,  r e a c t i o n  
p r o d u c t .  A s  a check  on t h e  p rocedure ,  a sample  o f  t h i s  material was 
a n a l y z e d  and  shown t o  have a Ni/B atom ra t io  o f  2 .05 .  
e l e c t r o d e  w a s  formed by d e p o s i t i n g  Ni2B i n  t h e  v o i d s  of a porous  s i n ;  
t e r e d  n i c k e l  p l a q u e .  The s u b s t r a t e ,  commerc ia l ly  a v a i l a b l e ,  measured 
3" x 3" x 0.03". 

The p l aque -  

S i n c e  t h e  n i c k e l  b o r i d e  is a n  e l e c t r i c a l  c o n d u c t o r ,  i t  was p o s s i b l e  
t o  s t u d y  t h e  c a t a l y s t  d i r e c t l y ,  i . e . ,  i t  was n o t  n e c e s s a r y  t o  f i r s t  
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s u p p o r t  t h e  c a t a l y s t  on a c o n d u c t i n g  s u b s t r a t e .  The c a t a l y s t  was 
formed i n t o  a p l u g  and  p l a c e d  i n  t h e  c a t a l y s t  test  e l e c t r o d e  shown 
i n  F i g u r e  2 .  The f u e l  gas was passed  down t h e  metal  t u b e ,  t h r o u g h  
t h e  c a t a l y s t  p l u g  and  i n t o  t h e  v l f r e e "  e l e c t r o l y t e .  S tudy ing  t h e  
c a t a l y s t  i n  t h i s  f o r m  a l l e v i a t e d  many o f  t h e  problems i n v o l v e d  i n  
o p e r a t i n g  H2/02 f u e l  c e l l s ,  s u c h  as m a i n t a i n i n g  t h e  p r o p e r  m o i s t u r e  
b a l a n c e  i n  t h e  c e l l .  The t w o  e l e c t r o d e s  were "d r iven"  w i t h  t h e  
commutator (13) ,  hence  t h e  voltages measured  were I R  f r e e .  I n  s u c h  
a s y s t e m ,  Ha was consumed at t h e  anode and  water w a s  e l e c t r o l y z e d  a t  
t h e  a u x i l i a r y  e l e c t r o d e .  A s a t u r a t e d  calomel e l e c t r o d e ,  connec ted  
t o  t h e  c e l l  b y  a salt b r i d g e ,  w a s  used  as  t h e  r e f e r e n c e  e l e c t r o d e .  
The e n t i r e  c e l l  w a s  mounted i n  a c o n s t a n t  t e m p e r a t u r e  b a t h  m a i n t a i n e d  
at 8 O o C .  A t y p i c a l  v o l t a g e - c u r r e n t  c u r v e  o b t a i n e d  f o r  a Ni2B "plug" 
hydrogen  anode  is shown i n  F i g u r e  3. A c u r v e  r e c o r d e d  under  similar 
c o n d i t i o n s  f o r  1:l p a l l a d i u m  b l a c k - g r a p h i t e  mixture is i n c l u d e d  f o r  
compar i son  p u r p o s e s .  I t  is a p p a r e n t  t h a t  t he  n i c k e l  b o r i d e  anode is 
s u f f i c i e n t l y  a c t i v e  t o  s u p p o r t  h i g h  c u r r e n t  d e n s i t i e s ,  e . g . ,  260 m a / c m 2 .  
The p a l l a d i u m - g r a p h i t e  anode  is o n l y  0.04 v o l t  more n e g a t i v e  t h a n  t h e  
more economica l  n i c k e l  b o r i d e  e l e c t r o d e  a t  c u r r e n t  d e n s i t i e s  of 6 5  t o  
260 m a / c m 2 .  

A t e s t  electrode was t h e n  o p e r a t e d  a t  a c o n s t a n t  l o a d  o f  6 5  m a / c m 2  
and t he  anode  voltage r e c o r d e d  as a f u n c t i o n  of t i m e .  T h i s  d a t a  is 
summarized i n  F i g u r e  4 .  T h e r e  is a p p a r e n t l y  a small f a l l - o f f  i n  p e r -  
formance  o v e r  t h e  first 2 0 0  h o u r s ,  i . e . ,  from - 0 . 8 7 V  t o  - 0 . 8 3 V .  The 
v o l t a g e  t h e n  remained  c o n s t a n t  f o r  t h e  n e x t  700 h o u r s ,  at  which t i m e  
t h e  test was t e r m i n a t e d .  It is q u i t e  a p p a r e n t  from t h i s  data t h a t  
Ni2B is c a p a b l e  o f  e x t e n d e d  pe r fo rmance  as a hydrogen anode  c a t a l y s t .  

The Ni2B c a t a l y s t  w a s  t h e n  e v a l u a t e d  in comple t e  f u e l  c e l l s  of t h e  
c o n v e n t i o n a l  A l l i s - C h a l m e r s  d e s i g n ,  shown i n  F i g u r e  5. I t  w a s  p o s s i b l e  
t o  a p p l y  t h e  a c t i v e  powder d i r e c t l y  t o  the  s u r f a c e  o f  t h e  c a p i l l a r y  
membrane, a n d  a number o f  c e l l s  o f  t h i s  t y p e  were b u i l t .  S ince  t h i s  
p r o c e d u r e  is i n e f f i c i e n t  i n  t h e  u s e  o f  c a t a l y s t ,  it was d e s i r a b l e  t o  
employ a c a t a l y s t  s u p p o r t  t o  more e f f i c i e n t l y  d i s p e r s e  t h e  ca t a lys t  
across t h e  e l e c t r o d e .  As ment ioned  above ,  a porous ,  s i n t e r e d  n i c k e l  
p l a q u e  (3" x 3" x 0.03") w a s  u s e d  f o r  t h i s  pu rpose  w i t h  t h e  Ni2B 
c a t a l y s t  d e p o s i t e d  i n  t h e  p o r e s  o f  t h e  s u b s t r a t e .  A v o l t a g e - c u r r e n r  
c u r v e  o b t a i n e d  for  a f u e l  c e l l  employing  s u c h  a n  anode is shown i n  
F i g u r e  6. The c e l l  t e m p e r a t u r e  i n  t h i s  case w a s  7 8 O C .  I t  was pos-  
s ib le  to  s u p p o r t  a l o a d  of a p p r o x i m a t e l y  70 m a / c m 2  a t  a c e l l  v o l t a g e  
of 0 . 7 V .  Recent  improvements  i n  c e l l  and  e l e c t r o d e  d e s i g n  have i n -  
c r e a s e d  t h i s  pe r fo rmance  t o  100 m a / c m 2  @ 0 . 7 V .  

Extended  Per formance  T e s t s  

The f u e l  c e l l  d a t a  shown i n  F i g u r e  6 described t h e  i n i t i a l  p e r -  
formance  o f  t h e  c a t a l y s t  electrodes,  i . e . ,  t h e  v o l t a g e - c u r r e n t  c h a r -  
acterist ics o b t a i n e d  d u r i n g  t h e  f i rs t  d a y  or t w o  o f  o p e r a t i o n .  How- 
ever, f u e l  c e l l  e lectrodes g e n e r a l l y  do show some loss  i n  a c t i v i t y  
w i t h  t i m e  as  shown i n  F i g u r e  4 .  T h i s  effect  w a s  a l s o  s t u d i e d  w i t h  a 
f u e l  c e l l  of t h e  t y p e  shown i n  F igu re  5 employing  a n  anode  o f  Ni2B 
d e p o s i t e d  o n t o  a p o r o u s  n i c k e l  s u b s t r a t e .  The i n i t i a l  per formance  
w a s  e s s e n t i a l l y  t h a t  d e s c r i b e d  by t h e  v o l t a g e - c u r r e n t  c u r v e  o f  F igu re  
6. 

i 

I 
I 

B e f o r e  d i s c u s s i n g  t h e  e x t e n d e d  pe r fo rmance ,  d a t a ,  it is n e c e s s a r y  
t o  b r i e f l y  men t ion  t h e  s u b j e c t  of f u e l  cel l  " c o n t r o l s " .  The p r i n c i p a l  
problem,  common t o  a l l  H 2 /  O2 f u e l  ce l l s ,  c e n t e r s  a b o u t  m a i n t a i n i n g  
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the  p r o p e r  water b a l a n c e  i n  t h e  c e l l .  It is d e s i r a b l e  t o  wi thdraw 
from t h e  o p e r a t i n g  f u e l  c e l l  o n l y  t h a t  amount of water produced  by 
the  f u e l  c e l l  r e a c t i o n .  I f  a n  excess is removed, t h e  c e l l  w i l l  d r y  
o u t ;  i f  i n s u f f i c i e n t  water is removed, t h e  electrode w i l l  f l o o d  and/  
or the  e l e c t r o l y t e  w i l l  be d i l u t e d .  I n  b o t h  cases, t h e  e x t e n d e d  
pe r fo rmance  o f  t h e  %/02 f u e l  c e l l  would be a d v e r s e l y  a f f e c t e d .  

A h i g h  o p e r a t i n g  c u r r e n t  d e n s i t y  p r o v i d e s  f o r  a h i g h  r a t e  of 
water p r o d u c t i o n  and t h e  problem o f  m a i n t a i n i n g  t h e  p r o p e r  amount 
of water i n  t h e  ce l l  becomes more s e v e r e .  The l i f e  t e s t  on t h e  Ni2B 
hydrogen  anode was c a r r i e d  o u t  a t  a r e l a t i v e l y  l o w  c u r r e n t  d e n s i t y ,  
i . e . ,  3 2  m a / c m 2 .  A t  t h i s  l eve l ,  t h e  r a t e  o f  water p r o d u c t i o n  w a s  
d e t e r m i n e d  t o  be s u f f i c i e n t l y  l o w  so as n o t  t o  r e q u i r e  a n  i n v o l v e d  
water m o n i t o r i n g  s y s t e m .  The m o i s t u r e  i n  t h e  c e l l  w a s  c o n t r o l l e d  
e m p i r i c a l l y  by a d j u s t i n g  t h e  hydrogen f l o w  rate t o  e s t a b l i s h i n g  
e i t h e r  a w e t t i n g  or a d e s s i c a t i n g  c o n d i t i o n  as needed .  The v a r i a -  
t i o n  i n  cel l  v o l t a g e  w i t h  t i m e  is shown i n  F i g u r e  7 f o r  a c e l l  ope r -  
ated i n  t h i s  manner f o r  1 2 0 0  h o u r s .  T h e r e  does appea r  t o  be a small, 
g r a d u a l  f a l l - o f f  i n  c e l l  pe r fo rmance  w i t h  t i m e .  Comparing t h i s  d a t a  
w i t h  t h a t  o f  F i g u r e  4, most o f  t h e  f a l l - o f f  a f t e r  t h e  f i r s t  200 h o u r s  
must  be a s c r i b e d  t o  problems of ce l l  c o n t r o l .  N e v e r t h e l e s s ,  t h i s  d a t a  
is s u f f i c i e n t  t o  e s t a b l i s h  t h e  p o i n t  t h a t  i t  is p o s s i b l e  t o  c o n s t r u c t  
large n i c k e l  b o r i d e  c a t a l y s t - e l e c t r o d e s  which  are c a p a b l e  o f  e x t e n d e d  
o p e r a t i o n  as hydrogen  a n o d e s .  

The data p r e s e n t e d  w a s  t a k e n  w i t h  3" x 3" electrodes. No d i f -  
f i c u l t y  h a s  been e x p e r i e n c e d  i n  a d a p t i n g  t h e  p r e p e r a t i v e  p r o c e d u r e s  
t o  6" x 4" n i c k e l  b o r i d e  c a t a l y s t - a n o d e s .  The u s e  o f  e l e c t r o d e s  o f  
t h i s  s ize  i n  t h e  hydraz ine /oxygen f u e l  c e l l  h a s  a l r e a d y  been d e s c r i b e d  
(4 ) .  
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Figure 1 - The variation in surface area with temperature of sintering. 
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Figure 2 - Catalyst test electrode. 
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Figure 3 - The anodic oxidation of hydrogen by nickel 
boride and by palladium black. 
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Figure 4 - Extended operation of a nickel boride 
hydrogen electrode. 
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OVERALL REACTION 
H2+ !$02- Ha0 

Figure 5 - Allis-Chalmers H2/02  capillary membrane fuel ce l l .  
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Figure 6 - Voltage - Current characteristics of a H2/02  
fuel cell  employing a Ni2B anode. 
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Thin Fuel Cell Electrodes 

R. G. Kaldeman, W. P. Colman, S. H. Langer, and W .  A.  Barber 

Central Research Division, American Cyanamid Company 
Stamford, Connecticut 

I. Introduction 

There is  considerable current i n t e re s t  i n  low temperature, light-weight, 
high-performance H2-02 fuel c e l l  components. 
a research program directed toward development of t h i n  electrode structures f o r  t he  
"equilibrated matrix" hydrogen-oxygen o r  hydrogen-air c e l l s .  
f o r  t h i s  system should be usefu l  a l s o  i n  the  ion  exchange membrane fuel c e l l ,  and 
with some modification i n  the  free e lec t ro ly te  f u e l  c e l l .  

This company has had f o r  several  years 

Electrodes developed 

As a short  range objective, we  have required t h a t  such electrodes,  when 
assembled i n t o  an H2-02 c e l l ,  should sus ta in  currents of at least 200 ma/cm2, developing 
a poten t ia l  corrected f o r  i n t e rna l  resistance of 0.8-0.9 vol t s .  
with su i tab le  modification of support material  i n  e i t h e r  strong acid o r  base and should 
be  capable of sustained operation at temperatures from ambient t o  100aC. 
be  capable of manufacture i n  l a rge  s izes ,  e.g., one foot  square, and have good unifor- 
mity and reproducibility. 

They should be useful 

They should 

Further,  material costs/kw of power should be m i n i m u m .  

11. Experimental 

A.  Procedures 

Much of the  i n i t i a l  evaluation work has been carried out i n  one inch diameter 
( 5  an2) matrix cells .  
can be readi ly  achieved, and t h e  l a rge r  c e l l  is  preferred fo r  l i f e  t e s t ing .  

We have found t h a t  scale up t o  2" x 2" c e l l s  (?? cm2 pcti.re zrcz) 

For the  alkaline system, asbestos is  a su i tab le  matrix material ,  while 
glass-fiber paper performs well  i n  t he  acid system. Several types of organic matrix 
may a l s o  be used. 

In l i f e  testing, i n  order t o  obtain s t ab le  operation, it is  necessary t o  remove 
water from t h e  system as fast as it i s  formed by the  electrochemical reaction. 
work t h i s  has been accomplished by using ju s t  suf f ic ien t  gas flow t o  permit evaporation 
of the  proper amount of water. 

In our 

B. Electrodes 

For the  equilibrated matrix system electrodes have been developed consisting 
of a porous l aye r  of platinum black and a waterproofing agent with or without extenders, 
spread uniformly on and supported by a w i r e  mesh screen. The thickness o f t h e  electrode 
and platinum loading can be varied by using screens of d i f f e r ing  mesh and wire diameter, 
and also by varying the  amount of extender used. Two major variations are under study. 

I 
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I n  ryPe A no extender is used. Thus, w i t h  screens i n  the  range 50-100 mesh 
and .002-.004 inch wire diameter, platinum loadings are  typical ly  i n  the  range 
,7-10 .g/m" and electrode thickness 0.004-0.008 inch. 
the support screens. 
extender. 
have the same thickness ard r e s i s t i v i t y  character is t ics  a s  Type A electrodes.  

Resis t ivi ty  i s  nearly that of 

Electrodes of t h i s  type may contain 0.5 t o  4 mg Pt/an2 electrode area and 
I n  ryPe B electrodes, platinum is  supported-on a carbon or graphite 

C. Studies of Type A Electrodes 

Comprehensive s tudies  have been made w i t h  platinum black-metal screen 
electrpdes, since these are capable of sustaining very high currents a t  l o w  polarization. 

1. Acid System 

I n  Figure 1, we show typical  polarization curves for  50 mesh tantalum screen 
electrodes containing 7-9 mg F't/cm2 as used on both sides of H 2 - 0 2  and H e - a i r  c e l l s .  
Temperature was ambient and the  electrolyte  2N H S O 4  i n  a glass fiber paper matrix. 
The polarization curve f o r  H2-02 uncorrected for internal  res is tance indicates  a potential  
of about 0.72 vol t s  at 200 ma/cm2. Indeed, similar curves have been found t o  be approxi- 
mately l inear  t o  600 ma/cm2 and 0.55 vol ts .  
resistance (based on open current measurements with a Universal AC bridge)  indicates 
an essent ia l ly  constant I R  f ree  potent ia l  of about 0.82-0.87 vol t s .  

The H2-02 curve corrected f o r  in te rna l  

The performance of t h i s  type of electrode i n  a hydrogen-air cell is sham 
i n  the lower curve of Figure 1. 
only 50 mv at 50 ma/cm2 and 60 mv a t  200 ma/cm2 and apparently indicates  t h a t  a t  these 
current densi t ies  performance is not limited by inadequate diffusion of oxygen i n t o  or  
nitrogen out of the electrode s t ructure .  

It w i l l  be seen tha t  the increase of polar izat ion is 

Performance of these electrodes seems t o  be substant ia l ly  independent of 
temperature as indicated i n  Figure 2. 
a t  elevated temperature; however, these c e l l s  have not yet been optimized f o r  performance 
a t  higher temperature. 

Somewhat higher performance might be expected 

Some indication of l i f e  performance has been obtained with the tantalum 
screen electrodes i n  the H2-02 system at ambient temperature. 
been operated for over 1000 hours a t  currents up t o  150 ma/m2 wi thou t  evidence of 
deterioration. 

These electrodes have 

2. Base System 

Extensive s tudies  have been made of platinum black spread on 100 mesh nickel 
In Figure 3 we show i n i t i a l  polarization f o r  H2-02 and &-air of the system screens. 

consisting of these electrodes w i t h  5Ii KOH i n  a matrix c e l l .  
curve indicates a c e l l  potent ia l  of 0.76 vol ts  a t  200 ma/cm2. 
been extended t o  600 ma/cm2, a potent ia l  of 0.6 vol ts  being obtained. 
electrodes are capable of sustaining very high electrochemical r a t e s  i n  the alkal ine 
system. 

potent ia l  of 0.85-0.90 is  obtained over most of the  range of current density.  
roughly 20-30 mv higher than was observed f o r  the acid system. Individual electrode 
polarization studies have been made which indicate t h a t  at these platinum levels  the 
major part of the i n i t i a l  0.3-0.4 volt  polarization occurs at the  oxygen electrode i n  
both acid and base systems. 

The uncorrected H2-02 
This curve has a l s o  

Thus, the 

When the H 2 4 2  polar izat ion curve is corrected for in te rna l  res is tance a steady 
This is  
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The Ha-air performance is plotted i n  t he  lower curve of Figure 3. Additional 
po lar iza t ion  on air is 40 mv at 50 mafun2 and 100 mv a t  150 ma/cm2. 
have not been optimized f o r  operation Cin air. 

These electrodes 

Performance a t  higher temperatures has been examined at 70" and 95°C and, 
again e s sen t i a l ly  no change from ambient is found. The da ta  indicate maintenance of 
a high l eve l  of performance of  t h e  electrodes at higher temperatures, a t  which operation 
is probably desirable t o  f a c i l i t a t e  removal of product water. 

Life t e s t s  fo r  over 1000 hours at ambient temperature and several  hundred 
hours at 80°C a t  currents up t o  125 ma/cm2 ind ica te  excellent performance s t a b i l i t y .  

D. Studies of Type B Electrodes 

Type B electrodes represent an  approach t o  more e f fec t ive  u t i l i z a t i o n  of 
ca t a ly t i c  materials.  Carbons added t o  the  formulation a c t  as extenders and subs t ra tes  
for t h e  spreading of platinum or other ac t iva t ing  ingredient. 
d i s t r ibu t ion  of ca ta lys t  -and waterproofing agent i s  achieved. 

Excellent control of 

1. Choice of Carbons 

As the  result of a survey of m e r  seventy-five carbons, ha l f  a dozen promising 
carbons have been discovered w i t h  good chemical s t a b i l i t y  and high ca t a ly t i c  a c t i v i t y  
srhen p la t in ized ,  ranging i n  s t ruc tu re  from graphi t ic  t o  amorphous, and i n  surface area 
from 8 t o  800 m2/g.  
mnufacture  of calcium cyanamide from calcium carbide. Some properties of t h i s  material 
are l i s t e d  i n  Table I. 

One of these  i s  Cyanamid 9946 graphite, which is  a byproduct of the  

This material can be cmpacted i n t o  a r a the r  uniform porous s t ruc ture  having 
a conductivity cha rac t e r i s t i c  of graphite.  Its surface area and pore s t ruc ture  are such 
that no appreciable amount of c a t a l y t i c  material need be buried i n  t i n y  inaccessible 
pores. 

2. Base System 

. Electrodes w e r e  prepared from pla t in ized  Cyanamid 9 9  graphite by methods 
sb!iittr i;" +.scri-"ued cur eieci;rdee ui Type A. - 1 - 1  - . - - -  - - - .  - - -  * - - - - *  ~ - - -  --- .1= w U b r L - y ; : u u l r L ~  LCVCl W U D  llC3lU 

constant. 
Electrode thickness w a s  approximately 0.007 inches. 
o f  these e lec t rodes  i n  t h e  base type matrix c e l l .  
indicated i n  the  table i n  t h e  lower pa r t  of t he  graph. It is evident t h a t  reduction 
of platinum loading a t  e i t h e r  electrode produces some l o s s  i n  performance. However, 
even at a total  loading of 3.5 ,$an2 for both sides,  the  additional polarization i s  
only about 100 mv at 200 ma/cm2. 
performance b y  improved methods of p l a t in i za t ion  can be achieved. 
when these electrodes a r e  operated on a i r  i s  similar t o  t h a t  obtained at high platinum 
loadings. L i f e  studies conducted fo r  over 1000 hours, including subs tan t ia l  periods 
a t  150 ma/cm2, indicate no s ign i f i can t  change i n  electrode properties when operated 
as e i t h e r  anode or cathode. 

Platinum loadings of 1 and 2.5 mg/cm2 on appropriate screens were obtained. 
I n  Figure 4 is shown the  performance 

Platinum loadings on each side are 

It i s  believed t h a t  subs tan t ia l  jmprovement i n  
AdditSonal polarization 

Similar s tud ies  have been made of Type B electrodes i n  acid systems. 
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111. Discussion 

Based on the above p e r f o m c e  and physical character is t ics ,  we can project 
that  c e l l s  constructed with these electrodes w i l l  have very desirable  weight and volume 
character is t ics .  
t o t a l  thickness of about 0.030 inches and a weight of about 0.3 lb s / f t2 .  
c e l l  operating a t  75 watts/ft2 t o t a l  electrode-electrolyte weight would be about 
4 lbsjkw. 

I f  it i s  assumed that individual c e l l s  could be stacked at 4 t o  the inch 
and operate at 100 amps/ft2 with the potent ia l  indicated i n  the above polarization 
curves, power l eve l s  of 65-85 watts/ft2 could be achieved on e i t h e r  oxygen or air, 
and power densi t ies  i n  excess of 3 kw/ft3 of bat tery exclusive of aux i l i a r i e s  should 
be feasible  . 

A typical  e lectrolyte  matrix with two t h i n  electrodes would have a 
For a f u e l  

It is believed a power density of 75 w a t t / f t 2  can be achieved i n  the near 
future with a platinum usage of about 2 g/ f t2  of c e l l  area (including Eoth electrodes).  
This represents an investment i n  platinum of about $8O/kw. 
that major part  of t h i s  platinum mJue can be recovered when the  useful l i f e  of the 
bat tery has emled. 

Moreover, it i s  believed 

P u r i t y  99.0 W t .  $ 
Impurities SiOa, CaO, Feg3 ,  Al& 
Par t i c l e  Size 
Surface Area 11.4 m2/gram 
conduct ivitp 50 mho/cm 
Bulk Density+ 1.28 g/cc 
$ Porosity+ 40 
X-ray Graphitic 

Approximately 0.25 t o  2.0 Microns 

- _  

* &aswed at 2000 ps i .  
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Current Density and Electrode Structure  
A Qual i ta t ive Survey 

H. A. Liebhafsky, 
E. J. Cairns 
W .  T. Grubb, and 
L. W. Niedrach 

General E l e c t r i c  Research Laboratory 
Schenectady, N. Y. 

Abstract* 

The e f f e c t  of e lec t rode  s t r u c t u r e  on t h e  current  densi ty  obtainable i n  a 
f u e l  c e l l  i s  second only t o  t h a t  of t h e  e l e c t r o c a t a l y s t s .  The s t ruc ture  and t h e  
funct ioning of  such e lec t rodes  a r e  so  complex t h a t  t h e  quant i ta t ive  treatment of  
simple models can scarce ly  be  expected t o  do more- than suggest fur ther  experiments. 
I n  t h i s  s i t u a t i o n ,  a q u a l i t a t i v e  a p p r a i s a l  of t h e  re la t ionship  between electrode 
s t r u c t u r e  and current  d e n s i t y  seems i n  order .  

The q u a l i t a t i v e  a p p r a i s a l  we have mde leads  t o  these  conclusions, most of 
which a r e  based on work by o thers :  

1. A working f'uel c e l l  e lec t rode  owes much of i t s  effect iveness  t o  t h i n  
e l e c t r o l y t e  f i l m s  through which t h e  r e a c t i n g  gases diff'use. 

2. These films are s o  t h i n  t h a t  they can change rap id ly  i n  thickness  and 
ex ten t :  a working f u e l  c e l l  e lec t rode  i s  a dynamic system. 

3. The oversimplif ied idea  t h a t  e lec t rode  reac t ion  occurs mainly a t  the 
3-phase boundary should be abandoned. 

h -  i ~ c r e 2 s e i  iq:crtaccc o f  gas <;?CGSiGu thluugii  Lhin e iecsroiyce I l i m s  
makes t h e  name "gas d i f f u s i o n  e lec t rode"  even more ambiguous. 
order .  

Redefinition is  i n  

5. Under t h e  s implest  condi t ions (e.g. pure hydrogen a t  an anode), t h i n  
e lec t rodes  are l i k e l y  t o  perform i n  f i e 1  c e l l s  at least  as w e l l  a s  thick;  and they 
seem preferab le  when condi t ions are more complex. 

6 .  A good e lec t rode  s t r u c t u r e  should give almost as good performance on 
a i r  as on oxygen over a l a r g e  range of cur ren t  dens i t ies .  

' I  

* Complete manuscript not  received i n  time for  inclusion i n  Divisional Preprints .  

: I  



A Contribution to the Th wy of Polarizetic 

Karel Ivlicka 

of Porous El ctrodes 

Polarographic Institute, Czechoslovak Acaderqy of Science, Prague 

Introduction 
The problem of polarization of porous electrodes with relation 

to the resistance of the electrode material was solved first by Cole- 
man (1) in the case of cylindrical cathodes of Leclanch6 elements. In 
his differential equation, a supposition is implicitly included that 
the faradayic current, u, is directly proportional to the polarization 
of manganese dioxide particles, although he considered the “electromo- 
tive force of the manganese dioxide particle” as constant. Therefore, 
Coleman’s expression for the faradayic current as a function of the 
distance from electrode surface is substantially in accord with that 
of Euler and Nonnenmacher (2) who assumed a linear polarization curve 
of manganese dioxide electrode. Daniel-Bek (3) was the first to deduce 
fundamental differential equations in the form which is used nowadays. 
He gave the solution for two limiting cases, vie., that the faradayic 
current is @ exponential or  a linear function of  polarization. Final- 
ly, dewman and Tobias (4) solved the differential equations under the 
cJupposition that the faradwic current is an exponential function of 
polarization and their results are substantially in accord with those 
of Daniel-Bek. 

None of the mentioned authors’ solutions is valid f o r  the whole 
polarization region, but only f o r  limiting cases of either small or 
large overvoltage. However, it is possible t o  deduce a generally valid‘ 
aolut ion, ae follows . 

Mathematical solution 

For exactness, let us consider an electrode of rectangular shape 
with pores in form of linear channels parallel to one edge of the ele- 
ctrode, although it is possible to abandon any aseurnption concerning 
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the  geometry of the  pores ( 4 ) .  The x-axis runs p a r a l l e l  t o  the  pores,  
an the  e l e c t r o l y t e  s i d e  being x = 0. A meta l l ic  conductor a s  current  
co l lec tor  is placed on t h e  end o f  tine pores,  a t  x = L. For p o t e n t i a l ,  
yl, i n  t h e  electrode material, Ohm's l a w  holds: 

where pi is  the r e s i s t a n c e  o f  a cubic centimeter of the porous elec- 
t rode mater ia l  i n  the  d i r e c t i o n  of x-axis, and i, is  the e lec t ronic  
current  densi ty  corresponding t o  1 sq. cm. of the  electrode sec t ion  
perpendicular t o  the  x-axis. 

When the  electrode c o n s i s t s  of a depolar izer  and an excess sup- 
port ing e l e c t r o l y t e ,  and when t h e  concentration polar iza t ion  can be 
neglected with respec t  t o  the  a c t i v a t i o n  and resis tnnce polar iza t ion ,  
then an analogous equation holds f o r  the  p o t e n t i a l ,  y r ,  i n  the  e lec t -  
rolyte:  

/2/ 

where p1 is  the r e s i s t a n c e  of t h e  e l e c t r o l y t e  contained i n  one cubic 
centimeter of tne e lec t rode ,  and i, is the ion ic  current  density cor- 
responding again t o  1 sq. cm. of the electrode sect ion.  F ina l ly ,  ac- 
cording t o  Daniel-Bek ( 3 ) ,  we may write the following equation f o r  the  
density oi' faradayic c u r r e n t ,  D, on the  inner  pore surface: 

/3/ 

w i l e r e  S is ilia iiuiei- sui.face: u f  a cubic c~i~tii i ietei-  of  tiie e l e ~ t ~ ~ d ~ .  
Let us  choose f o r  3 t h e  fol lowing function of  po lar iza t ion  /overvolta- 
ge/, 5: 

D = 2i ,s inh 923, /4/ 

where 3 = 'pz - y1 f u l f i l l s  the  con<it ion t h a t  E = 0 when D = 0, io is 
the  exchange current  d e n s i t y ,  and = F/2RT; it is  possible ,  lionever, 
t o  s u b s t i t u t e  € o r b  an empir ical  value obtained by measure3ent OS po- 
l a r i z a t i o n  curves with a planar  electrode. For  anodic and cathodic DO- 
l a r i z a t i o n ,  tLe values  of  (3 can be  di f fe ren t .  Lheref'ore, it would be 
more cor rec t  t o  use t h e  w e l l  known general  r e l a t i o n  between curr*en.c and 
overvoltage f r o m  the theory o f  absolute  reac t ion  r a t e s ,  r a t h e r  than e- 
quation /4/. In t h a t  case ,  however, the inathesatical  so lu t ion  would be- 
cone too complicated, without y ie ld ing  any substantial .  improvement. 

The boundary con6i t ions f o r  equations /1/-/3/ are: 

x = 0: i, = 0 ,  !pl = 0 ,  /5/ 

' I  

. I  

i '~ 
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x = L: i, = I, /s/ 

and the  conservation l a w  of current: 

i, + i, = I. /7/ 

For a cathodic cur ren t  , I 7 0 ,  E 7 0,  and D 7 0; f o r  an anodic current  , 
I C  0, E < 0, and I) < 0. The problem defined by equations /1/-/7/ can 
be reduced t o  t h e  following d i f f e r e n t i a l  equation: 

L d'u. - dw 3 - -  d XL 

with boundary conditions:  

x = 0 :  

d u  
5 = L: aw = O y , L  

with u = (33, and h = l / i m  . 
The so lu t ion  of equations /8/-/10/ is: . 

/9/ 

/lo/ 

\x-x,\ = .kXF(A, \y ) ,  /w 

k =  1 ,  /12/ 

where F(k,y)  stands f o r  the e l l i p t i c  i n t e g r a l  of the first kind w i t h  
the modulus 

cosh Lum L 
and amplitude 

s inh  +urn, 
s inh  +u  

y = arCCoS /13/ 

Further x, is the value of x a t  which \ u \  has the  minilnun value \ urn\. 
Formally, the so lu t ion  /11/ is  analogous t o  t h a t  which 'ilinsel ( 5 )  de- 
rived f o r  the  case of r, = 0 .  

The expression f o r  faradayic current takes  the form: 

D =  ?* f i  
W Y  

y being defined by equation /11/ a s  

/14/ 

where s n  denotes Jacobi's e l l i p t i c  function. Further  D, s tands  f o r  
2i ,s inh u,, so that ID,\ represents  the minimum value o f  ID\. 
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An important.ueasurable quantity is the potential, (PdL , of the 
metallic conductor at the end of the pores /vs. the electrolyte poten- 
tial at x = O/. For  this we obtain: 

where E, and E, are the values of E f o r  x = 0 and x = L, which fulfill 
the following relationship: 

The value of E, can be computed from the equation 

1 /18/ 
I sinhtPE, = 

I, sin yo 
where I, = 2 / ( 3 h f L ,  and yo is the solution of the equation 

with yL = arctg[(y,/p,) tgyo] , and k = l/{l + IL/I~tgLy0 . 
, Some limiting cases 

When the pores are short so that L c 4.c k h  and the current is 
large, then k 44 1 and the expression f o r  faradayic current becomes: 

D = D-secLX - x+. 
k h  

/20/  

T" +l.<.. --"- &Le -----:-..LA-.- -n I>-- .... -A.Au beroc, ,.LAC ~ " ~ U L L U I L L U U  UL L I I ~  eiecirucie is iarge, so znaz zne 
Qyperbolic sine in equation /4/ m a y  be substituted by an exponential 
function. Equation /20/ can be shown to correspond exactly to the solu- 
tion given by Newman and Tobias ( 4 ) .  

SO that 1 I\ 4< Iosinh(L/2X) , equation /14/ becomes 
When, on the contrary, the pores are long and the current small, 

x-x* 
/21/ x - x  i k L  + (l-kL)coshLr 

h 
D = D-coah 

When, in addition, the polarization of the electrode is small, so that 
the hyperbolic sine in equation /4/ may be substituted by a linear 
function, we can set k = 1 in equation /21/ to obtain a simple formula 
which /after suitable rearrangement/ can be shown to correspond exac- 
tly to the solution given by Euler and Nonnenmacher ( 2 ) .  

When the specific resistances of both phases, electrode and elec- 
trolyte, are equal, then equation /l7/ yields s h p v  E ,  = E, , SO that 
the polarization at one end of the pores is equal to that at the other. 



Further xh= t L ,  t h a t  is, the minimum of the absolute value of pola- 
r i z a t i o n  is in  the middle of the electrode. Hence, tile faradayic cur- 
r en t  d i s t r i b u t i o n  i n  the electrode is symmetrical. Equation /16/ be- 
cones 

Y1' = -E, - * ILP, . /22/ 

Yhen the spec i f i c  res is tance of the electrode is  neg l ig ib l e ,  so 
t h a t  f,/fL 4 0, we have the case al l ready discussed by Yinsel ( 5 ) ;  
then cf,L = -E,,, x,= L. On the contrary,  when the  s p e c i f i c  r e s i s t ance  
of the electrode is very great ,  s o  that pl/pL + 00 , we have ylL = -ZL, 
x,,,,= 0. The r e s u l t s  o f  Ninsel ( 5 )  can be applied i n  t h i s  case,  if we 
introduce a new independent var iable  x'= L - x. In  o the r  words, we con- 
s i d e r  t he  end o f  the  pores as the  beginning and vice versa. 

An i n t e r e s t i n g  and very simple case is when t h e  s p e c i f i c  r e s i s -  
tances of  both phases a r e  equal and, simultaneously, the pores a r e  
long and for  the  current is small. Then we can express y,' simply a s  
a funct ion of the cu r ren t ,  I: 

I 
'pic = - 2 arsinh [- coth 2) - .$ IL?, , 

(3 1, 2h 
/2 3/ 

from whicn it can be seen t h a t  t h e  electrode po la r i za t ion ,  ( P I L ,  is di -  

r e c t l y  proportional t o  the t o t a l  current  when 1 I .% I,. Further ,  we 
can def ine the i n i t i a l  po la r i za t ion  r e s i s t ance  as 

The symmetrical form of  faradayic current  d i s t r i b u t i o n  can be r ead i ly  
seen from equation /21/, if we s e t  x,= L/2. 

Other cases a r e  more complicated and we have t o  compute the po- 
l a r i z a t i o n  curves, ( P , ~  = f(11, numerically f o r  a given s e t  of  parame- 
ters I,, L , h , ,  f, and P I .  T h i s  w i l l  be the purpose of f u r t h e r  work. 

References 

1. J.J. Coleman: Trans. Electrochem. SOC. 2, 545 /1946/. 
2. J. Euler and W. iionnenmacher: Electrochin.  Acta 2, 258 /1950/. 
3.  V . S .  Daniel-Bek: Zhur. Fiz .  K h i m .  22, 697 /1946/. 
4. J.S. Newman, Ch.'iJ. Tobias: J.  Elec t rochem.Soc .~ , l l83 /1962/ .  
5. A. 'Ninsel: Z .  Elektrochem. 6 6 ,  287 /1962/. 



EFFECTS OF OXYGEN PARTUS 
PRESSURE ON FUEL CELL CATHODES 
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INTRODUCTION 

The study of t ransport  and electrochemical processes occurring at 
the oxygen cathode is of fundamental importance in fuel cell development. 
The oxygen depolarized cathode is the major determining factor for  cell 
efficiency i n  H2/Air fuel cells. I t  becomes important then to investigate this 
factor since the oxygen depolarized cathode is common to all fuel /a i r  cells. 
Additional value may be derived from this study since the investigation of 
the transport  processes occurring at the oxygen cathode would afford an in- 
sight into the processes occurring at anodes using insoluble fuels and ex- 
hibiting activation polarization. 

to provide a large reaction zone for apparent electrode area.  
accomplished b y  employing porous electrodes having a high ratio of reaction 
a r e a  to apparent electrode area.  The liquid electrolyte would then partially 
permeate the pores of the electrode and the balancing gas pressure on the r e -  
verse side of the cathode establishes a liquid meniscus of a three-phase 
jaia c crode; oxidanr; i eie crroae j inte riace. 

immersing a flat-plate cathode into the electrolyte. 
preferred because of two inherent difficulties associated with porous matr ices ,  
namely; poor reproducibility, and the difficulty in accurately defining the re-  
action zone. 
ist ics of these complex porous structures compared favorably with results ob- 
tained with flat-plate electrodes. The materials used for the flat-plate 
electrodes were P t ,  Au, Ag and Pd. 
Experimental. The experimental arrangement used is shown in Figure 1. 
Standard potential-current measurements were made in the po2 range 0. 10 to 
10 atm. A Wenking potentiostat w a s  used for the series of experiments when 
the potential was maintained constant. In order to eliminate any slight current 
contributions that would a r i s e  f rom the electrode portion immersed in the 
electrolyte, the data reported herein were obtained with the electrode entering 
at the surface of the electrolyte. The results indicate that the bulk of the cur- 
rent is generated in a zone near  the meniscus or  three-phase interface a s  also 
reported by Sama e t  a1 and W i l l  ', 

In order to obtain la rger  practical current densities, it is necessary 
This 'is usually 

During this study, the three-phase interface was  produced by partly 
This arrangement was 

The effects of po2 up to 10 atm on the current-voltage character-  

I 

c 

! 



h 
'1 

I 

The difficulty in defining the three-phase interface is complicated by 
the presence of oxides and uneven surfaces. 
reproducible current densities by expressing them i n P A  per linear centi- 
meter of the interface. 
the electrolyte w a s  not s t i r red  while measurements were taken. 

For  this reason we obtain 

In order to prevent disturbance of the interface, 

EFFECT OF po ON OCV AND POLARTZATION 
2 

Results and Discussion. 
affects both the OCV and potential a t  constant current. Although changes i n  
OCV a re  anticipated in accordance with the Nernst equation, the changes in  
the potential at constant current merit  closer examination. It can be readily 
seen from Figure 2 that potentials at constant current become more anodic 
with increasing po2 and that polarization decreases a s  the po increases. 
However, this polarization decrease becomes less  rapid as gO2 rises. 

on polarization 
can be derived when po2 or log po2 values a r e  plotted vs. polarization at 
constant current density (see Figures 3 and 4). 

According to 'weber,  Meissner and Sama the rate limiting s tep for 
a partially immersed depolarized oxygen cathode is mass t ransport  of oxygen 
through the liquid meniscus zone. Since po 
parameter our studies were extended to parka1 pressures of oxygen 5 10 a t m  
to study its effect. 

polarization of the electrodes and that the po 
not linear. 

As shown in Figure 2, the partial p ressure  of oxygen 

A better understanding of the diminishing effect of po 2 

i s  a major mass  transport  

It i s  evident f rom our studies that po has a decided effect on the 
2 polarization relationship is 

The current  (i) obtainable f rom &e transport of oxy en through 
an electrolyte layer can be expressed by the following equation, B 
ic DZF ( c 1  - ~ 2 )  /d (1) 
where: D = the diffusion coefficient 

C1 z concentration of 0 2  at the gas/liquid interface 
C2 = concentration of 0 2  a t  the electrode surface 
6 = thickness of the diffusion layer 
Z no. of electrons transferred during the reaction 
F the Faraday constant 

3 For a limiting current (il), C 2  :: 0 and i l  = DZF ( C )  / d  
The relationship for  concentration polarization (7 C) is: 

7 c  (2.303 RT/ZFflo 

where: R = the Ideal 
T = Temperature, 9( 
ic= the current obtained at7c 

According to equation 3, a drop in concentration polarization may be 
obtained by increasing limiting current. 
accomplished by: 

Equation 2 implies that this can be 

a. Increasing D (i. e . ,  increasing temperature). 
b. Decreasing, d(through agitation). 
c. Increasing C 1  
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D and 6 were kept constant in  our experiments by maintaining constant 
temperature and preventing agitation of the electrolyte. 

By substituting equations 1 and 2 in 3 

DZFC1/ 4 '3 DZFC1/&- DZF (C1 - C 2 / 4  1 = (2.303 RT/ZF) log 

At constant current, (C1 - C2) wi l l  be constant, i. e. , equal t o  K1. 
7 c = (2.303 RT/ZF) log 

Then 

) Ll - K 1  
C1 

The concentration of oxygen at  the gas/liquid interface C1 is a 

?'= 2.303 Z F  RT log [; (iz:-Kl] 
function of po2. Therefore,  

where lim po2 = 0 

f (po2) + ~ e .  According t o  this relationship, for  a given current: 
a. lirqc = 0 

f (PO21 -00 

f (Po2)  - K1* 
b. h 7 c  09 

This has been confirmed by experimental data. 

having a three-phase interface exhibit the same sensitivity to po2  as the flat- 
plat cathodes (see Figures 5 and 6) .  

t ransport  through an  electrolyte layer. 
the flat-plate cathode may be considered a s  an  idealized model of a porous 
structure,  the same limiting process (oxygen mass  t ransfer  through the 
electrolyte meniscus) occurs for  both electrode types. Therefore, the flat- 
plate "model" electrode system is directly applicable to a porous electrode 
for  purposes of comparison of po2  effects. 
Equipotential Current. It has been observed that at -0.8 volt f rom OCV, the 
four catalysts tested (Pt, Pd, Ag, and Au) yielded identical currents on flat- 
plate electrodes. 
t rue  limiting current could not be obtained before reaching the H2 - deposition 
region. The maximum obtainable current (iE) refers  to the current produced 
per cm length of meniscus at -0. 8 volt polarization vs. OCV. 

O u r  experimental results show that highly active porous structures 

These results a lso illustrate the limitation imposed by oxygen mass  
This i s  significant because although 

This reference potential (-0.8 V) w a s  chosen because a 

. EFFECT O F  po2 ON "MAXIMUM CURRENT" 

In the initial experiments,  po was varied and the corresponding iE 
values were observed. The iE  - po2 &a obtained were plotted using log 
coordinates (see Figure 5, curve 2). 
is independent of the catalytic material and varies with ( p g  )l", Le.  , iE = A 
log poz + B, where the constant A i s  0. 5 (calculated) and tke constant B 
approxunately equals 7404A per cm length of meniscus on the flat-plate cathodes. 
This relationship enables prediction of iE at any po2 within the range studied 

It can be seen from this curve that iE 



by the equation: 

112 ‘E, 1 (4) 

where iE, 1 and iE, 2 are the maximum currents obtainable fo r  a flat-plate 
cathode in the same electrolyte concentration a t  p o2 and p o  , re- 
spectively. F r o m  the above data it could be safely cbncluded &?either 
the four metals tested have identical catalytic activity, which is unlikely, 
o r  that under the experimental conditions (800 mV polarization from the 
rest potential), the catalytic activity no longer has a significant effect on 
the current. 
potential, the electrochemical reaction is no longer rate controlling, and 
its effect is masked. Figure 5, line 1 is a log plot of the results obtained 
using a porous structure with negligible activation polarization. It can 
be seen that with this structure, the currents obtained at equal polarization 
also vary with ( ~ 0 ~ ) ” ~ .  
Oxygen Transport. When it was established that the catalytic activity of the 
electrode w a s  not a current controlling factor, attention w a s  then focused on 
other possible factors such a s  mass transport of oxygen to the catalytic sites. 
Sama, e t  a1 reported, that the bulk of the current obtained from a half 
immersed flat-plate electrode, was generated near the immediate vicinity of 
the triple interface. 
catalytic si tes through the electrolyte. 

is liquid phase diffusion of dissolved oxygen, the other is interphase mass 
transfer of oxygen from the gas into the liquid phase. 
diffusion in the liquid phase be the rate controlling step, and the liquid surface 
in contact with the gas is saturated with oxygen, then a l inear variation of 
current with p o 2  would occur. 

Investigating the case where liquid phase diffusion could be the only 
possible rate controlling factor, Reti performed an experiment, in the course 
of which he pre-saturated electrolytes with 0 2  a t  various partial pressures. 
He then pumped the electrolytes through silver or  platinum screen electrodes. 
Under constant hydrodynamic conditions, (flow rate and temperature), he 
found a linear relationship between equipotential currents and the partial pressure 
of oxygen in the pre-saturating gas. 
for a given p o  

under the experimental conditions of our study then po2 would exhibit 
relationship with current. Our experimental data show that i E w ( p  ) 
would appear to eliminate the possibility of ordinary diffusion being a mass 
transfer controlling step. 
Effect of O7 Solubility on iE. The curves in Figure 8 were plotted f r o m  iE vs. 
electrolyte molar concentration data which were obtained to  determine the 
effects of 0 2  solubility on iE. 
the maximum current obtainable a t  any po2 can be predicted from the actual 
data measured a t  any other p o  
( r e fe r  to Figure 8), if the calcu5ations are based on data a t  po2 = 1 atm, the 
predicted (dotted line) and experimental (solid line) values at po2 = 0. 6 atm and 
0. 21  atm are in close agreement. 

This is explainable since a t  potentials 800 m V  from the r e s t  

It was also established that oxygen is transported to the 

There a r e  two possible rate-controlling steps in such a case. One 

Should ordinary 

Higher currents therefore can be obtained 
if pre-saturated electrolyte is used. 

U o r d n a r y  linear diffusion w a s  the mass transfer controlling step 

;f /P..;lrc 
0 2  

If equation 4 i s  valid a t  all concentrations then 

For  example at  the same KOH concentration. 



Studies were made of the currents obtained at various electrolyte 
concentrations in which the equilibrium concentration of 0 2  in the electrolyte was 
kept constant (by adjusting p o  ). 

concentrations of 0 2  in  KOH at a given p o  
approximately equal. 
in the l i terature,  extrapolations had to be made at  several  points to obtain the 
solubility value. Thus, because of the lack of solubility data, the actual KOH 
molar concentrations at which C* values a r e  equal at  different p o  
cannot be accurately predicted. 
varied with (po2) lI2. It  is well known that in the ca,se of transport  of a 
slightly soluble gas into a liquid, the bulk of the resistance is in the liquid phase. 
Due to this limitation the bulk liquid near the transfer zone is not reaching the 
equilibrium saturation as  predicted using Henry's law. 
equilibrium solubility of oxygen (C*) a t  various electrolyte concentrations we 
obtain a relationship s imilar  to the one previously shown, that is iE = A' log C* 
t B where the experimentally obtained A' value is 0.48, which compares well 
with the previously obtained 0 .  5 value (see Figure 9). Use of extrapolated C* 
values due to the scarcity of actual solubility data in the literature may be used 
to account for this deviation. 

2 As seen in Table 1 (s imilar  plot as  Figure 8), at equal equilibrium 
(C*), the currents obtained a r e  

Because data for so3ubility of 0 2  in KOH is very limited 

values 2 According to the data shown in Figure 7, i E  

If we plot iE vs. the 

TABLE 1 

IN KOH ELECTROLYTE 
iE OBTAINED FOR VARIOUS C* VALUES 

1 atm 
po2 

1 

i 22.  2 i 320 - - - 
0. 6 13. 32 1008 2. 18 13. 32 1130 

0.21 4. 66 685 5. 5 4. 66 700 

+ Length of meniscus 

Note- Electrode: Polished Flat Gold-Plate Cathode - 
Temperature: 25OC 

The current-partial p ressure  relationship developed ear l ier  in this paper 
(see equation 4), can be used to predict electrode polarization when E-i  curves 
a r e  linear. This is  the case,  for example, for the highly active complex porous 
electrode structures shown in curve 1 of figure 7. 
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If  the slope of the linear E-i  curve is  b then at a given polarization. : 

b l  - T / i l  

b2 /3/iz 

b l / b 2  = i 2 / i l  

and similarly 

Thus 

If 7 is a linear function of i, then 

1 
2 

or 
log? = log i - - log p o 2  t log J 

Data illustrating this equation a re  shown in figure 10. 

CONCLUSIONS 

Data have been presented to show the effect of oxygen par t ia l  pressure on 
the polarization and maximum current of partially immersed flat-plate cathodes. 
It has been proven that polarization - oxygen partial p ressure  dependence for the 
flat-plate electrodes is valid for complex porous structures as well. 
decrease in electrode polarization was observed a t  the lower range of p o 2  studied 
(0. 1 to 1. 0 atm). 
Therefore extremely high po 
polarization for practical  rue? cell operation. 

under different operating conditions i f  the cathode current is known for one 
condition, and there a re  no other experimental data available. 

A marked 

Beyond this range the polarization decrease is not as marked. 
values a r e  ineffective in obtaining minimum cathode 

The following equations a r e  very useful for predicting cathode currents 

These equations a re  valid for complex porous structures only when: 
1. 
2. 

The difficulty in defining the three-phase interface is complicated by the 

The activation polarization i s  small. 
Diffusion (both ionic and gaseous) limitations and electrical  resistance 
of the structure a re  negligible. 

presence of oxides and uneven surfaces. 
current densities by expressing them i n b A  per  linear centimeter of the interface. 
In order  to prevent disturbance of the interface, the electrolyte was not s t i r red 
while measurements were taken. 

interphase transport  of 0 2  (gas /liquid) , it seems likely that interphase transport 
is the mass transfer rate controlling mechanism. 

* Used when the same KOH concentration is used 

For  this reason we obtain reproducible 

Since the relationship iE o( ( ~ 0 ~ ) ~ ~ ~  exists at all electrodes involving 

------ 
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APPENDIX 

partial p ressure  of 0 2  (atm) 
maximum obtainable current on a half-immersed flat-plate electrode 
that results f rom the electro-reduction of 0 2  (p A/cm meniscus 
length) 
number of moles of 0 2  diffusing per  unit a rea  - unit time 
diffusivity coefficient (unit area/unit  time) 
mean length diffusion path in the meniscus 
difference in  0 2  concentrations between that at the gas /liquid and 
liquid/solid interfaces in the meniscus (moles of 02/Unit volume 
of electrolyte) 
viscosity 
equilibrium concentration of 0 2  in KOH electrolyte a t  a given p o  
(ml s t p  of OZ/liter of electrolyte) 
proportionality cons tant 
proportionality constant 
slope of l inear E- i  curve 
polarization (volts) 

2 
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Diffusion Polarization i n  Air Channels 

Henri J. R. Maget and Eugene A. Oster 

General Electr ic  Company, Direct Energy Conversion Operation 
Fuel Cell Laboratory, West Lynn 3, Mass. 

Introduction 
Rates of cathodic oxygen reduction, that is, cell currents  a r e  dependent on 

par t ia l  p ressures  of the oxidant i f  rate-controlling steps involve the concentration or 
par t ia l  p ressure  of oxygen. This  is likely to be observed since reaction ra tes  will be 
either liquid film o r  gas diffusion controlled. 
of the reaction product may be hindered by slow transport  processes ,  thus resulting in. 
possibly, appreciable lower ra tes .  
catalyst surface of an oxygen electrode. If local  current  densities a r e  either dependent 
on par t ia l  p ressures  of oxygen or  water, it will become necessary to establish relation- 
ship predicting such local cu r ren t  densities and to design electrode geometries favorable 
to uniform current  distribution, and a s  a resul t  uniform distribution of the main 

however, would imply knowledge of limiting cur ren t  densities. 

In restablishing over-al l  oxygen electrode capabilities for fuel cel l  application, 

However, cases  can a r i s e  where removal 

This could be the case,of water removal from the 

' 

influential variables affecting oxygen electrode performance. Such considerations, 1 

one of the important variables is the limiting cur ren t  density. 
currents  a r e  not simply dependent on some limited parameters ,  i. e. electrode activity, 
electrode structure, electrolyte properties, local temperatures, anisotropic current  
density distributions, etc.. . , actual measurements  a r e  valuable if  some reproducible 
character is t ics  can be controlled, i. e. catalytic activity, electrode s t ructure ,  electrolyte 
properties. Thus, measurements  a r e  valuable for a specifically designed system, as  
related to limiting cur ren t  densities, and very generally applicable to any a i r  electrode 
cur ren t  collector design, i f  the geometry is influential on, and descriptive of, the limiting 
currents .  

Although these limiting 

/ 

The ultimate goal, that is quantitative description of current-voltage relation- 
ships as a function of main variables, can be, in principle, attained f rom experimental 
studies, involving the determination of limiting cur ren t  densities a t  discrete  positions in 
the channels, the establishment of the rate-controlling process for known channel 
geometries in the high cur ren t  density range (corresponding to 0.85 - 0.5 volts), the 
derivation of relationships describing the current-voltage behavior over practical oper- 
ational ranges, the t ransport  phenomena explaining polarization potentials a t  these 
practical currents  and the experimental values of open circuit potentials. 
equilibrium conditions, ra tes  and processes  a r e  known, a reasonable analytical descrip- 
tion of local a s  well a s  over-al l  cur ren ts  and potentials, can be expected. 

If all these 

I t  i s  possible then, that limiting cur ren ts  can be associated with channel 
geometry and that diffusional processes  in res t r ic ted channels become small  enough i. e . ,  
r ate-controlling. 

The purpose of the present  work was to obtain experimental resul ts  and inter- 
pretation to explain polarization in channels of defined geometry and to establish 
influential parameters  which would affect electrode performance. In order  to establish 
applicability of a self-breathing a i r  electrode, viz. without forced donvective a i r - f low,  
fo r  low cur ren t  densities, experimental investigations were s tar ted on straight a i r  
channels. Furthermore,  s ince such a self-breathing electrode had to operate away fro= 
limiting currents ,  in order  to minimize diffusion polarization, additional work for forced 
flow (at various air  flow ra tes )  was conducted in straight a i r  channels. 
be reported elsewhere. (2) 

This work will 



Experimental Equipment 

The system chosen for experimental investigation was based on platinum black 
electrodes associated with a solid-matrix electrolyte (cation exchange membranes). 
a system offered multiple advantages in  preparing discretely separated small  electrodes, 
displaying good and uniform contact with the electrolyte. The individual electrodes 
included metallic sc reens  in order  to increase s'urface conductivity. 

Such 

Reference potential measurements were based on a Luggin-type capillary-SCE 
system, specially developed for  application to ion exchange membrane electrolytes (1). 
A low-leakage capillary was placed against the membrane and sulfuric acid used to 
establish the bridge with the calomel electrode. In all  cases,  the ion exchange membrane 
extended outside of the apparatus for  potential measurements.  Effects of capillary 
positiors 
appreciable differences were observed. 

were investigated by placing the tip against and within the membrane. No 

The ten segmented electrodes allowed the determination of limiting currents  
In many as  a function of position and represented values for discrete  electrode sizes.  

instances, the presented data will represent smooth interpolation of position-dependent 
limiting cur  rents. 

Investigations were conducted under galvanostatic operating conditions. The 
equipment is represented i n  Figure 1. 
channels 2-1/211 long and 1/2"wide. 
able Lucite bar  placed on the channel top. 
and 1/2". 
box in order  to avoid small  a i r  flow sweeps over the air electrode. 
were open to allow for oxygen diffusion. 

All experimental work was conducted on air 
Channel height could be varied by changing a remov- 

Thus, channel heights could be 1/16, 1/5. 1/4 
The channel was mounted on an air electrode and placed i n  a la rge  Lucite 

Both channel ends 

In order  to determine lbcal current  densities, the air electrode was manu- 
factured by placing ten parallel  electrode/screen s t r ips  on an Ion Exchange Membrane. 
Gaps of 1/1611 between electrodes allowed for electrical  insulation of the various electrodes. 
Electrode dimensions were 1/2" x 3/16" with an actual a r ea  of 0.60 f 0.05 c m  . The 
Ion Exchange Membrane extended out of the channel f o r  reference potential measurements 
and stainless rods contacted the screens for current  pick-up. 

2 

The counter electrode (H2-electrode) was prepared in a s imi la r  manner. 
Catalytic electrodes faced each other across  the electrolyte (membrane). 

The two ends of the self-breathing channel were open, thus displaying planar 
symetry on either side of the channel center cross-section. 
actually corresponded to doubling the channel length. Single electrode failure would not 
affect resul ts  too appreciably since experimental results could be obtained f rom m i r r o r -  
image electrode. 

Experimental Results 

Representative single electrode polarization character is t ics  a r e  presented in 
figure 2 for a channel height of 1/16". These polarization curves represent  the largest  
changes f rom the edge to center electrodes for the smallest  channel height investigated. 

Closing one channel end 
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Limiting cur ren t  densities for edge electrodes # 1 and 10 should be about 130-140 ma/cm2 
(as determined independently for  electrodes exposed to semi-infinite air space)@) Figure 2 
'a l ready indicates ,ha t  appreciable polarization i s  encountered a s  soon as measurements 
a r e  conducted slightly away f r o m  the channel edge. Larger  currents  a r e  observable for 
all e lectrodes f o r  increasing channel height. For  1/2" channels, very l i t t le polarization 
is observable even at cur ren t  densit ies near  limiting values, i. e. 130-140 ma/cm2. 
Polar izat ion is l e s s  severe  for all electrodes at small  local currents ,  as expected. 

Channel heights affect polarization character is t ics  to a large degree, i. e. 
limiting cur ren ts  for center  e lectrodes a r e  22 and 35 ma, for  1/16" and 1/8" channels, 
respectively.  
to 0.1 respectively, as determined independently f rom exposed electrode measurements.  

These cur ren t  densit ies correspond to oxygen partial p ressures  of 0.07 

F o r  identical polarization potentials (as determined for polarization curves) 
cur ren t  density distributions display minima for inner electrodes and can be extrapolated 
to edge values of limiting cur ren ts  as determined f rom previous measurements.  
Strictly speaking these cur ren t  densit ies can not be described f rom figure.2.However, 
the par t ia l  p ressure  of oxygen in the channel would not be too greatly affected at higher 
cur ren t  corresponding to l imi t  cur ren ts  of the edge electrodes. 
affected greatly a t  the edge electrodes,  let's s a y  electrodes 1 and 2 and their corresponding 
symetr ica l  position. 

Results would be 

Current  density distributions for channel heights of 1/8 and 1/16" for various 
Edge currents  (about 80 mA) can appliedpotentials 

become 2 to 4 t imes l a r g e r  than center channel currents ,  but display much more uniform 
distribution for lower electrode polarization, i. e. 0.5 volt vs. SCE for 1/8" channel. 

a r e  represented in figures 3 and 4. 

Interaretation of Individual Polar izat ion Curves 

Current  potential behavior for the investigated systems can be represented 
by Figure 5. 

diffusion 
polarization 

/ 
/ 

* 
A Potential  B Channel Polarization 

i 
d =diffusion-limited cur ren t  

channel polarization rd= Ea - E wce =Actual Voltage-voltage in absence of channel 
effects. 

SINGLE ELECTRODE DIFFUSION POLARIZATION 

Figure 5 



Figure 5A represents  polarization character is t ics  as observed in absence and 
presence of diffusion polarization (including activation polarization, in absence of ohmic 
contribution, which a r e  generally eliminated). 
polarization te rms  in absence of other possible polarization. 

Figure 5B reoresents  s t r ic t ly  diffusion 

Polarization character is t ics  can be represented by the equation: 

d (go- c) 

( 4 - i L )  = Q ( 1) 

where i and i 

reference potential in absence of channel polarization, Eo - E = 

represent  actual and limiting currents ,  respectively; & =  p%T Eo = L 

and (4) 

Since i (s) displays a monotonous decrease up to channel center,  equation 4 is expected 
to d i spky  an increase f rom channel edge to center.  
experimental  resul ts  for 1/4, 1/8 and 1/16" channel heights. 
dependent polarization wa5 observed for 1/411 channels, the value Rd = 4 was chosen as 

reference systems resistance to obtain a relationship between channel-induced diffusion 
resis tance Rd(P)  and i (+). Now, in equation (4), the slope (dE/di) defined as  

diffueional resistance becomes dependent on and i (If i can be determined 

Figure 6 represents  smoothed 
Since no additional position- 

L 

analytically and defined constants>idE/difis 
i f  represented a constant value, determining o( 

senting the diffusional resistance should display: 

a. 

b. 
c. increased resistance for reduced channel cross-sect ion 

no diffusional res is tance at the edges, at least a s  related to electrode 
geometry 
maximum diffusional resistance for center electrodes 

Experimental resul ts  regarding these observations a r e  represented in Table 
I f o r  channel heights of 1/8 and 1/16", and different electrode positions. 

1 
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TABLE I 

Determination of o( f rom exuerimental data 

1 4S-R) ( AV/ AI -R) 
(Amps)- (ohm)exP' (ohm) (ohm)-l 

Limiting ViL 
L 

Electrode Current, i 
Position Amps. 

Channel Height 1/16" 

1 0.041 

2 - 
3 0.028 

4 0.024 

5 0.022 

6 0.025 

7 0.027 

8 0.030 

9 N 0.050 

- 
35.8 

41.7 

45.5 

40.0 

38.0 

33.3 

N 20.0 

- 
7.3 

7.8 

8.2 

8. 1 

7.9 

7.3 

6. 1 

- 
3.3 

3.8 

4.2 

4.1 

3.9 

3.3 

2.1 

- 
10.8 

11.0 

LO. 8 

9.8 

9.7 

10.1 

9.6 

Average * = 10.4 

Channel Height 1/8" 

1 - - - - 
2 0.045 22.2 6.0 2.0 11.1 

3 0.043 23.2 6.7 2.7 8.6 

4 0.037 27.0 7 .1  3 . 1  9.0 

5 0.035 28.6 7.3 3.3 8.7 

6 0.035 28.6 7.3 3.3 8.7 

7 0.037 27.0 7.1 3 . 1  9.0 

8 0.044 22.7 6.8 2.8 8.2 

Average s( = 9.0 

Since the coefficient o( represents actually P$'/RT in equation 1, average 
values of as  determined from Table I would be 0.24-0.27. B 

Now, since o< has been obtained experimentally and r ep resen t s  values near 
theoretical, a complete description of the polarization curves will be available, providing 
i ( X )  can be established. L 
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Evaluation of the limiting cu r ren t  i , ( 2  

The analytical evaluation of i (s) will allow the description of the polarization 
curves by means of equation 4. 
Laplace’s equation, providing t ranspor t  by convection is considered to be negligible. 

A. 

Local hrniting currents  can be evaluated by solving 

Determination of concentration distribution in  channels 

(5) 

-1 ( 6 )  

V‘c; = 0 

i 

C. represents  par t ia l  p re s su res  in the three component systems. 
are: 

Boundary conditions 

’ 1  

‘ Electrode Surface co, = L- gcr) B.C. 4 

The concentration of component (i) i s  related to the par t ia l  pressure by: 

Solutions of equation 5 are, for  the different components: 
9 

with 

(7) 

(9) 



where g(+) and f ( 3  represent  par t ia l  p ressures  of water under equilibrium conditions 
at y = y o  and y 0, respectively. 

Local cur ren t  densities can now be obtained from: 

and are, [for 0 diffusion) 2 

h-l 

and for  H 0 diffusion: 2 

Average channel cur ren t  densities a re :  

and 

B, Application to specific environmental conditions 

For  operation with a i r ,  equations 11 and 1 2  become: 

Equation 15 and 16 a r e  based on: 
2 aoz ~ 0 . 2 1  c m  /sec 

sw ~ 0 . 2 9  c m  /set 2 

g(T) = h(T) = 30mmHg (vapor pressure  of water a t  3OoC) 



n' = number of equivalent/mole 
9 
2b = channel length = 6.35 c m  

yo 

Some calculated data are presented in  Table II for a channel height of 1/16". 

= Faraday constant =96, 500 

= channel height = 0.32 and 0.16 cm 

Table II 
Local Curren t  Density for 1/16" channel height 

Position Local current  density ' Minimum 

j(x) min. 
j(x) in mA/cm' J(X)/J(X) min. Curren t  density 

Oxygen Diffusion b 117 1.0 

b/2 163 1.41 117 

b/4 298 2.55 

b/2 22 1.1 20 

Water Diffusion b 20 1.0 

b/4 35 1.7 

Measured b 38 1.0 

b/2 44 1.2 38 

b/4 61 1.6 

0 110 2.9 

Calculated and experimental results a r e  presented in  figure 7 for  the 1/16" 
channel and for  fixed diffusion coefficients. 
-ss=mirr_g a water diffusion-controlled process. 

Discussion 

Data can be represented fair ly  well by 

Restriction of channel cross-section, i. e. of yo, may resu l t  in appreciable 
reduction in gas-phase t ranspor t  rates. 
purely gas-diffusion controlled processes. 
be small, unfavorable cu r ren t  density distribution may also be encountered. 
resul ts  a lso suggest reduction of channel length (for defined y ) in a n  attempt to maintain 
quasi-uniform oxygen par t ia l  p ressure  and surface temperature. The resul ts  indicate 
applicability of self-breathing electrodes up to about 25 mA/cm2 (at ambient temp.) in 
a design where air-electrodes would be disposed face-to-face and separated by a i r -  
channels such that y > 1/4". 
shaped electrodes , by c a r  e ful selection of the channel - gap/elec t r  ode - radius  ratio. 

In fact these ra tes  may be calculated from 
In channel where forced air-flow ra tes  may 

The 

0 

Better current  distribution may also be expected for disc- 
0 
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Application 

This section will include application of previous resul ts  to a system where 
channel length has been reduced, that is resul ts  on perforated sheets as cathodic 
cur ren t  collector. (3) 

One figure will be added as reported at the Power Sources Conference. (4) 
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THE INVESTIGATION OF OXYGEN ADSORPTION AND OF ITS 
IONIZATION BY THE TRIANGULAR VOLTAGE METHOD 

N .  A. Shumilova 

I n s t i t u t e  f o r  Electrochemistry 
Academy of Sciences, USSR 

Abstract* 

Anodic and cathodic i - curves on a r o t a t i n g  s i l v e r  e lectrode were 
obtained using per iodic  and s ingle  t r i a n g u l a r  vol tage pulses .  
were car r ied  out i n  a l c a l i n e  solut ions i n  argon and oxygen atmospheres. 

The range of the  electrode p o t e n t i a l s  was determined i n  which 
adsorpt ion and desorption of oxygen and hydrogen take place as well as formation 
and des t ruc t ion  of the s i l v e r  oxides Ag20, Ago, Ag203. 

The experiments 

When the rate of voltage change i s  increased a decrease of the oxygen 
adsorption on anodic polar iza t ion  a s  well as a decrease of oxygen desorption on 
cathodic polar iza t ion  a r e  observed. In the  range 0,05-0,85 v the  change i n  the  
formation r a t i o  of hydroxyl and hydrogen peroxide ions i s  connected with a change 
in the  s t rength of the bond between oxygen and electrode surface.  The presence 
of a la rge  amount of oxygen on the s i l v e r  surface and the  increase  of the bond 
s t rength  r e s u l t  i n  a decrease of the oxygen reduction r a t e .  

* Complete manuscript no t  received i n  time f o r  inclusion i n  the Divis ional  
Prepr in ts .  
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The N i t r i c  Acid-Air Redox Electrode 

Joseph A. Shropshire and Barry L. Tarmy 

Process Research Division 
Esso Research and Engineering Company 

Linden, New Jersey 

One approach t o  t h e  development of a s a t i s f a c t o r y  oxygen o r  a i r  e lec t rode  f o r  
a f u e l  c e l l  operating i n  an a c i d  e l e c t r o l y t e  is  the  use of  a so-ca l led  redox 
e lec t rode .  
a secondary oxidant wi th  t h e  electrochemical reduction products regenerated 
chemically by oxygen o r  a i r .  
e l e c t r i c a l  performance than  i s  a t t a inab le  by d i r e c t  electrochemical reduction of 
oxygen. This increased performance is  of p a r t i c u l a r  s ign i f i cance  i n  the  opera t ion  
of a i r  e lec t rodes ,  where h igh  concentrations of nitrogen se r ious ly  a f f e c t  e lec t rode  
e f f ic iency .  
purpose (1,2). However, t h e s e  systems have shown ser ious  l imi t a t ions  i n  p r a c t i c a l  
operation. 

Such a system u t i l i z e s  t h e  more favorable electrochemical a c t i v i t y  of 

In  t h i s  manner it is  possible t o  ob ta in  h igher  

Recent r epor t s  have c i t e d  the use of Br- - B r 2  and Ce& - Ce+3 f o r  t h i s  

This paper descr ibes  t h e  performance and mechanism of opera t ion  of another 
redox cathode, one based on the  reduction of n i t r i c  acid i n  s u l f u r i c  acid.  Previous 
inves t iga to r s  have s tudied  t h e  cathode reac t ion  on platinum i n  H N O ~ / H N O ~  systems 
under various condi t ions  ( 3 , 4 , 5 , 6 ) .  
b i l i t y  of using t h i s  system as  a redox oxygen electrode. 
concent ra t ions  used, t h e  presence of HN03 could ser ious ly  impair the performance of 
a f u e l  e lec t rode .  With t h e  i n t e n t  of avoiding t h i s  d i f f i c u l t y ,  a study has been 
made of t he  redox behavior of l o w  concentrations of HNO3 i n  s u l f u r i c  ac id  e l ec t ro -  
l y t e .  The r e s u l t s  of t h a t  study are  presented here.  

However, none of these considered t h e  possi-  
Furthermore, with t he  acid 

EXPERIMENTAL 

A l l  electrochemical measurements described here were ca r r i ed  out i n  conventional 
g l a s s  c e l l s  with e i t h e r  p a r a l l e l  or coaxial  e lec t rode  arrangements. 
cathode compartments were separa ted  by e i t h e r  g l a s s  f r i t s  or c a t i o n i c  exchange mem- 
branes. Noble metal and carbon e lec t rodes  were employed and performance i n  most 
cases was obtained during opera t ion  against  a "driven" countere lec t rode ,  power being 
supplied by 6-12 v o l t  regula ted  D.C. sources. A l l  so lu t ions  were prepared using 
C.P. grade s u l f u r i c  (96.5%) and n i t r i c  (70%) acids d i lu ted  with deionized water of 
conduct iv i ty  mho/cm. Electrode vol tages  were measured aga ins t  commercial 
s a tu ra t ed  calomel e l e c t r o d e s  equipped with Luggin c a p i l l a r y  probes. Voltages and 
cur ren t  measurements were obta ined  with Keithley electrometers of 1014 ohms input 
impedance. 

Anode and 

More s p e c i f i c  d e t a i l s ,  when necessary, w i l l  b e  found i n  the  t e x t .  A l l  
e l ec t rode  p o t e n t i a l s  repor ted  here in  a re  re fer red  t o  t h e  standard hydrogen 
e l ec t rode  (N.H.E.), and s ign  conventions conform t o  the adopted standards.  No 
attempt has been made t o  c o r r e c t  the  voltage measurements f o r  l i qu id  junc t ion  
and thermal p o t e n t i a l s ,  t he  magnitude of which may be s i g n i f i c a n t  i n  s t rong  
ac ids ,  about 50 t o  100 mv. 
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PERFORMANCE OF THE 
HNO? REDOX ELECTRODE 

The i n i t i a l  performance t e s t s  using platinized-carbon oxygen e lec t rodes  i n  
3.7 M H2SO4 a t  80-82'C., indicated tha t  t he  addition of 0.2 M HN03 t o  t h e  H2SO4 
e l e c t r o l y t e  r e su l t ed  i n  l a rge  improvements i n  performance as measured by conven- 
t i o n a l  voltage-log cu r ren t  p lo t s .  Further t e s t s  indicated t h a t  these  improvements 
were not l imi ted  t o  carbon based e lec t rodes  alone, but were a l s o  a t t a i n a b l e  with 
noble metal e lec t rodes .  The performance, an example of which i s  shown i n  Figure 1, 
was found t o  be independent of the  supply of primary oxidant,  i . e . ,  oxygen o r  a i r ,  
but did depend on both HN03 and H2SO4 concentrations.  

Typical E-log I p l o t s  showed l i t t l e  evidence of a well  def ined  Tafel  slope.  
A t  temperatures above 5OOC. open c i r c u i t  po ten t i a l s  as high a s  0.92 v o l t s  vs t he  
calomel reference were obtained. Neglecting l iqu id  junc t ion  and thermal p o t e n t i a l s ,  
t h i s  i s  equivalent t o  1.16 v o l t s  vs N.H.E. High performance i n  a f r e s h  e l e c t r o l y t e  
w a s  shown to occur only a t  temperatures i n  excess of 5OoC., but accumulation of 
reduction products with continued operation enabled the  r e t u r n  of t h e  system t o  
25OC. with r e t en t ion  of r e l a t i v e l y  high performance l eve l s .  

Furthermore, coulometric determinations i n  the  experiments wi th  oxygen showed 
t h a t  t he  number of coulombs involved was f a r  g rea t e r  than t h a t  needed t o  account for 
reduction of a l l  HNO3 i n  the  system. 
electrochemical reduction of some species i n  the  HNO3 system and t h e  reoxida t ion  of 
t he  products by oxygen. 

Thus a redox cycle e x i s t s ,  cons i s t ing  of an 

Concentrat ion Variables 

A concentration va r i ab le  study was car r ied  out i n  which performance (E vs log I) 
and l imi t ing  cu r ren t s  were determined f o r  a s e r i e s  of e l e c t r o l y t e  compositions cover- 
ing t h e  range of 0.2-1.0 M HNO3 a t  a H2SO4 concentration of 3.7 M, and 0.5-3.7 M 
H2SO4 a t  a HN03 concentration of 0.2 M. 
l imi t ing  cur ren ts  were not only l i nea r ly  dependent on HNO3 concent ra t ion  (Figure 2 ) ,  
but were a l s o  l i n e a r l y  dependent on the proton a c t i v i t y  i n  t h e  system neglec t ing  the  
cont r ibu t ion  from t h e  HN03 (Figure 3). It was a l so  observed t h a t  f o r  these  systems 
l imi t ing  cu r ren t s  decreased with increasing ag i t a t ion  of t he  e l e c t r o l y t e .  The da ta ,  
therefore ,  a r e  reported with respect t o  a fixed r a t e  of gas flow a g i t a t i o n  o r  a t  
quiescent condi t ions .  Similar observations of decreasing l i m i t i n g  cu r ren t s  wi th  
increasing a g i t a t i o n  were made by previous inves t iga tors  i n  HNO3/HN02 systems (4 ,6) .  

The r e s u l t s  of t h i s  study showed t h a t  

E f fec t s  Of Temperature 

Var ia t ion  of t he  HNO3 e lec t rode  a c t i v i t y  with temperature was studied i n  t h e  

The da ta  provided a s t r a i g h t - l i n e  p lo t  of 
range of 50-106°C. 
presa tura ted  with e i t h e r  02, N2 o r  NO. 
log l imi t ing  cur ren t  vs rec iproca l  absolute temperature (Figure 4) w i t h  a slope 
corresponding t o  an ac t iva t ion  energy of about 10 kcal/mol f o r  a l l  t h ree  gases. 
An ac t iva t ion  energy of t h i s  magnitude ind ica tes  a chemical r a t e - l imi t ed  r a the r  
than d i f fus ion  l imi ted  cur ren t .  The absolute l eve l  of t he  l i m i t i n g  cur ren ts  
var ied ,  however, among t h e  th ree  gases used. 
l a t e r  sec t ion .  

Limiting cur ren ts  were measured with t h e  e l e c t r o l y t e  so lu t ion  

This e f f e c t  w i l l  be discussed i n  a 

MECHANISM STUDIES 

These d a t a  suggest a r e l a t i v e l y  complex reac t ion  mechanism. Furthermore, i t  
was f e l t  t h a t  t he  p r a c t i c a l  development of t h i s  redox system f o r  f u e l  cel l  use would 
requi re  a complete knowledgeof t h e  reduction and regenera t ion  reac t ions .  
quently, s t u d i e s  were d i r ec t ed  toward es tab l i sh ing  the  reduct ion  mechanism and 
determining t h e  r eac t ion  products. 

Conse- 
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Cathodic Transients 

A system was assembled t o  inves t iga t e  the  response of an e lec t rode  t o  constant 
cu r ren t  pu l se s  during the  HNO3 reduction reac t ion .  
t h e  e l ec t rode  i n  a 3 . 7  M HgSO4-0.2 M HNO3 e l e c t r o l y t e  at 82'C. 
(< 1%) was obtained using a h igh  vol tage  (175 V.) D.C.  regulated power supply and a 
high s e r i e s  r e s i s t ance .  Voltage t r a n s i e n t s ,  measured aga ins t  a sa tu ra t ed  calomel 
electrode-Luggin cap i l l a ry  arrangement, were displayed on a Tektronix 545A o s c i l l o -  
scope (Type D-D. C. Preamp. ) and photographed. Input impedance of  t h i s  osc i l loscope  
(106 ohms) represented an i n s i g n i f i c a n t  load i n  t h e  voltage measuring c i r c u i t .  

Current pu lses  were applied t o  
r 

Constancy of cur ren t  

Voltage-time v a r i a t i o n s  a t  constant cur ren t  can be analyzed i n  terms of t he  
t r a n s i t i o n  t ime, 7 .  
c o e f f i c i e n t s  and current d e n s i t y  f o r  r eac t ions  under d i f fus ion  con t ro l  (7 ) .  It is 
measured from the  incept ion  of t he  reac t ion  wave t o  i ts  i n f l e c t i o n  (see Figure 8) 
and can be used a n a l y t i c a l l y  a s  a measure of concentration of a reac t ing  species.  
Thus, 

This t r a n s i t i o n  time is a func t ion  of concentrations,  d i f fus ion  

where C o  i s  t h e  bulk concent ra t ion  of the reac t ing  spec ies  and a l l  o ther  symbols 
have t h e i r  usual s ign i f icance .  

I n i t i a l  experiments with t h i s  technique confirmed t h a t  HNO3 i t s e l f  was not 
d i r e c t l y  reduced. Under condi t ions  where d i f fus ion  cont ro l led  t r a n s i t i o n  times f o r  
HNO3 reduct ion  would be expected t o  begin a t  about H.95 v o l t s  vs N . H . E .  and t o  
exceed 10 seconds dura t ion ,  observed t r a n s i t i o n  times at t h i s  l eve l  were l e s s  than 
0.1 second. Transients a t  cu r ren t s  s l i g h t l y  l e s s  than t h a t  required fo r  complete 
p o l a r i z a t i o n  showed a u t o c a t a l y t i c  behavior. Typically the e lec t rode  polarized 
seve ra l  t e n t h s  of a v o l t  and r ap id ly  recovered t o  more pos i t i ve  vol tages  a l l  a t  
cons tan t  cur ren t  load. (Figure 5) The reac t ion  wave a t  more negative p o t e n t i a l s  
i n  Figure 5 - A  disappeared upon degassing with N2. 

f- 
The extreme au toca ta ly t i c  na ture  of the e lec t rode  r eac t ion  was fu r the r  

emphasized by t r a n s i e n t s  observed following extended per iods  of ca thodiza t ion  and 
under condi t ions  of r e p e t i t i v e  cur ren t  pu lses .  An e lec t rode  placed i n  a f r e s h  
e l e c t r o l y t e  so lu t ion  ex tens ive ly  sparged with 02 polar ized  completely t o  H2 evolu- 
t i o n  p o t e n t i a l s  upon app l i ca t ion  o t  a I ma/cm2 currenr: pu ise .  
i ng  t h e  cu r ren t  from zero,  however, a l eve l  of 5 ma/cm2 was e a s i l y  obtained. 
f i v e  minutes cathodization a t  t h i s  l eve l  followed b seve ra l  seconds a t  open c i r c u i t ,  
t h e  e l ec t rode  withstood a cu r ren t  pu lse  of 66 ma/cmg with equi l ibr ium po la r i za t ion  
of only 0 .1  v o l t s  (Figure 6).  A g radual ly  improving response could be observed w i t h  
r e p e t i t i v e  cur ren t  pu lses  i n  a f r e s h  so lu t ion  as  shown in Figure 7 .  

I 

ipon b i u w i y  iili~i..is- 
After  

I 

Based on the high temperature dependence of t h e  l imi t ing  cu r ren t s  
of a well  defined t a f e l  s lope ,  a reduction r eac t ion  with chemical r a t e - l i m i t a t i o n  
i s  indica ted .  The dependence of l imi t ing  cu r ren t s  on €1~03 concent ra t ion ,  i n  con- 
junc t ion  wi th  the a u t o c a t a l y t i c  behavior, suggests t h a t  t h i s  r a t e  l imi t ing  s t e p  
involves  r eac t ion  of a product spec ies  with the  HNO3 i t s e l f  t o  produce the  e l ec t ro -  
chemical r eac t an t .  

and absence 

1 

Product I d e n t i f i c a t i o n  

To c l a r i f y  the mechanism and assess  the  p o s s i b i l i t i e s  of t h i s  sytem as  an 
e f f i c i e n t  redox e lec t rode ,  experiments were run t o  e s t a b l i s h  the  i d e n t i t y  of the  
r e a c t i o n  products.  A c e l l  wi th  3 . 7  M H2SO4 - 0 . 2  M HNO3 e l e c t r o l y t e  containing a 
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l a rge  aux i l i a ry  cathode was used f o r  reac t ing  the  n i t r i c  acid.  
(0 .27 cm2 i n  area) was placed i n  c lose  proximity and used a s  a product de tec t ion  
device. A t  desired i n t e r v a l s  t h i s  e lec t rode  w a s  supplied with an anodic cur ren t  
pulse t o  reoxidize the  product mater ia l  p resent .  
was recorded photographically from the  osc i l loscope  t r ace .  A t y p i c a l  t r ans i en t  
found f o r  product reoxidation is  shown i n  Figure 8. 
poss ib le  t o  follow the build-up of product and i t s  rate of disappearance under 
conditions of  02 o r  N2 sparging. 
both N2 and 02 sparging but t h a t  removal occurred more r ap id ly  with 02 sparge, 
suggesting r eac t ion  with 0 2 .  The d a t a  obtained a r e  shown i n  Figure 9, where 

is propor t iona l  t o  r ec ip roca l  concentration (L/CR) of the  r eac t ing  spec ies .  

Another e lec t rode  

The p o t e n t i a l  t r ans i en t  produced 

Using t h i s  technique, i t  was 

It was found t h a t  t he  product was  removed during 

l/i 7% i s  recorded versus sparge time. This quan t i ty ,  as  previously described, 

This evidence s t rongly  indicated NO as  t h e  electrochemical r eac t ion  product. 
This conclusion was confirmed by observations on t r a n s i e n t s  obtained i n  an a i r - f r e e  
3.7 M H2SO4 so lu t ion  sa tu ra t ed  with NO gas. Trans ien ts  obtained i n  t h i s  system 
were i d e n t i c a l  t o  those of Figure 8. Furthermore, s a t u r a t i o n  of t he  H2S04-HN03 
e l e c t r o l y t e  with NO caused the  complete absence of a l l  a u t o c a t a l y t i c  e f f e c t s  
previously observed. 

The e f f e c t  of temperature on l imi t ing  cu r ren t  i n  t h i s  l a t t e r  system w a s  
previously shown i n  Figure 4. The increase i n  l imi t ing  cu r ren t s  i n  t h i s  NO equi l -  
i b ra t ed  so lu t ion  over those obtained with 02 and N2 a l s o  a f f i rms  t h e  r o l e  of NO as 
the  electrochemical product which p a r t i c i p a t e s  i n  the  chemical r a t e  l imi t ing  s tep.  
Limiting cu r ren t s  with NO a r e  not d i spropor t iona te ly  high, however, s ince  e l ec t ro -  
chemical NO evolu t ion  a t  t h e  l imi t ing  cur ren t  i s  s u f f i c i e n t  t o  e s s e n t i a l l y  s a t u r a t e  
€he so lu t ion  i n  the  v i c i n i t y  of t he  e lec t rode .  

Proposed Mechanism 

Based on the  observed behavior, t he  ove r -a l l  mechanism of the  cathodic reac t ion  
I i n  t h e  3.7 M H2SO4 - 0.2 HN03 e l e c t r o l y t e  would seem bes t  su i t ed  by the  following 
7 

s cheme : 

+ 1. H + NO; HNO3 (undissociated) 

2 .  

3. 

) 

HNO3 + 2 N 0  + H20 -3HN02 (slow, chemical r a t e - l imi t ing )  

3(HN02 + H+ + e-- H20 + NO) ( e l ec t ron  t r a n s f e r )  

I + 4 .  

As previously ind ica ted ,  the  r a t e  l imi t ing  s t e p  i s  t h e  slow chemical production 
of HN02, t he  electrochemical r eac t an t .  Reaction 3 is assumed t o  opera te  reasonably 
revers ib ly ,  with the  p o t e n t i a l  a t  any given cu r ren t  dens i ty  being f ixed  by the  l o c a l  
r a t i o  of HN02 and NO a c t i v i t i e s .  
concent ra t ion  of HN02 at  the  e lec t rode  sur face  f a l l s  t o  zero and the  p o t e n t i a l  
increases  u n t i l  another r eac t ion  p o t e n t i a l  i s  reached. This scheme takes  f u l l  account 

tends  t o  remove the  product NO, making i t  unavai lab le  f o r  r eac t ion  2 near  the  sur face .  

i n d i c a t e  t h a t  HN03 i s  undissociated i n  r eac t ion  2.  

4H + NO; + 3e----t 2H20 + NO 

A t  the  l i m i t  of t h e  chemical r eac t ion  r a t e ,  t he  

i of t h e  observed dependence of l imi t ing  cur ren t  on s t i r r i n g ,  s ince  excess a g i t a t i o n  

The dependence of l imi t ing  cur ren t  on both ~ ~ 0 3  and H2S04 concent ra t ion  probably 

\ 

A 
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Minc (3) has studied p o l a r i z a t i o n  curves f o r  platinum e lec t rodes  i n  HNO3. He 
found t h a t  t he  high p o s i t i v e  p o t e n t i a l  cathode process takes place only in  so lu t ions  
of HNO3 a t  concentrations s u f f i c i e n t  t o  contain appreciable amounts of the nonionized 
form of n i t r i c  acid. His work i n d i c a t e s  a l i n e a r  r e l a t i o n  between the  log of the con- 
cen t r a t ion  of the nonionized form and e lec t rode  voltage a t  constant cur ren t  values i n  
the  Tafel  region. I n  our high pro ton  a c t i v i t y  so lu t ions ,  it i s  expected t h a t  s ign i -  
f i c a n t  q u a n t i t i e s  of nonionized HNO3 a l s o  e x i s t .  Thus, equilibrium of r eac t ion  2 a t  
low cur ren t  dens i t i e s  would r e s u l t  i n  a s imi l a r  dependence on acid concentration. 

The mechanism proposed here  d i f f e r s  from the  one advanced by Vet te r  (6 )  t o  
account f o r  s imi la r  e f f e c t s  i n  t h e  system HNO3/HNO2 at 25OC. 
following t h e  e a r l i e r  work of Beinert  e t  a l .  ( 8 ) ,  measured anodic and cathodic 
po la r i za t ion  curves i n  var ious  H N 0 3 / H N 0 2  systems. 
spec ies  of t he  reac t ive  e lec t rochemica l  couple was HN02 o r  a species i n  rapid 
equilibrium wi th  HN02 (e.g., NO, NOZ, e t c . ) .  Vet te r  derived a mechanism involving 
the  reduct ion  of NO2 t o  HN02  and entrance of t he  product HN02 i n t o  a r a t e  l imi t ing  
chemical s t e p  analogous t o  r eac t ion  (2) .  The d i s t i n c t i o n  between these  mechanisms 
r e s t s  on two observations:  

That i nves t iga to r ,  

He concluded t h a t  the  reduced 

(1) Since there i s  l i t t l e  l ike l ihood of fu r the r  reduction beyond NO ( the  
observed product) t he  r eac t ion  wave i n  Figure 5-A which is removed by degassing must 
represent NO2 reduction. This i s  re inforced  by he f a c t  t h a t  spontaneous revers ion  
t o  the  low po la r i za t ion  l e v e l  of a c t i v i t y  (++ 0.97 v o l t  vs N.H.E.)  occurs upon 
reaching t h i s  reac t ion  p l a t eau .  Such behavior would occur i f  t h i s  r eac t ion  l eve l  I 

represented another source of H N 0 2 ,  i . e . ,  by a one-electron electrochemical reduction 
of NO2. Thus, i f  i n s u f f i c i e n t  HN02  i s  ava i l ab le  t o  support the  r eac t ion  a t  t he  low 
po la r i za t ion  leve l ,  the system has a b u i l t - i n  "safety" f o r  electrochemical HN02  pro- 
duc t ion  a t  the  higher p o l a r i z a t i o n ,  i f  s u f f i c i e n t  NO2 i s  present i n  so lu t ion .  

I 

,' (2)  A s  was indicated e a r l i e r ,  s a t u r a t i o n  of degassed 30% H 2 S 0 4  with NO gas alone 
produced an anodic t r a n s i e n t  i d e n t i c a l  t o  t h a t  observed f o r  the  product of the  cathodic 
reac t ion .  Moreover, t h i s  ox ida t ion  wave of NO, and the  observed cathodic r eac t ion  wave 
are  symmetrical about t h e  observed r e s t  p o t e n t i a l  of the  system. It would then appear 
t h a t  NO, r a t h e r  than H N 0 2 ,  i s  t h e  reduced component of the r eve r s ib l e  couple operating 
a t  t h i s  po ten t i a l .  
much l e s s  pos i t i ve  p o t e n t i a l s .  

The reduct ion  wave i n  Figure 5-A, presumed t o  be NO2,  occurs a t  

V e t t e r ' s  work was c a r r i e d  out a t  25'C. and i n  general  much higher HNO3 concentra- 
t i o n s  than were employed i n  t h i s  study. Thus the re  need be no d i r e c t  r e l a t ionsh ip  
between t h e  behavior observed i n  these  systems. A t  low n i t r i c  acid concentrations 
Ellingham (5) poin ts  out t he  importance of r eac t ion  2 i n  determining t h e  equilibrium 
between NO and HNO3. 

REGENERATION 

With no regard t o  t h e  mechanism involved, i t  has been d e f i n i t e l y  es tab l i shed  tha t  
Thus the problem of completing the  ne t  product of the  cathode r eac t ion  i s  gaseous NO. 

t he  redox cyc le  by conversion of  NO t o  HN03 then becomes a process well  known i n  the  
n i t r i c  acid production indus t ry  (9).  The r eac t ion  goes by the  scheme: 

5 .  2NO f 02 + 2 N 0 2  

6. 3 N 0 2  + H 2 0  .=2HNO3 + NO 



t 
\ 

? 

Reaction 5 i s  a c l a s s i c a l  termolecular reac t ion  with nega t ive  energy of ac t iva-  
t i on ,  favored by low temperature and high pressure.  
is not  l imi t ing  but s u f f e r s  t he  drawback t h a t  NO i s  produced, t hus  r equ i r ing  i n f i n i t e  
reac t ion  space f o r  completion of reac t ions  5 and 6. 
s u f f i c i e n t  NO conversion is obtained by maximizing gas contact t imes before and 
during hydrolysis. 

Reaction 6 a t  normal pressures  

On a p r a c t i c a l  bas i s ,  however, 

Using standard methods of contacting the  NO produced a t  t he  e l ec t rode  with 02 and 
the  e l e c t r o l y t e ,  it i s  poss ib le  t o  regenerate H N O ~  t o  the  ex ten t  that  t h e  e l ec t ro -  
chemical cathode process of HNO3 reduction may be car r ied  out f o r  per iods  of time equal 
t o  severa l  times the  coulombic equivalent of HNO3 added. However, under c a r e f u l l y  
optimized 02 regeneration conditions,  it has been poss ib le  i n  our l a b o r a t o r i e s  t o  pass  
cur ren ts  a t  low po la r i za t ion  equal t o  225 times t h e  coulombic equiva len t .of  the  HNO3 
l o s t  from t h e  system. 
Operation a t  t h i s  regeneration e f f i c i ency  reduces the  amount of WO3 make-up t o  a 
small quant i ty ,  about 0.1 lb/kwh. 

COMPATIBILITY 

Under comparable conditions,  t h i s  number wi th  a i r  i s  about 30. 

Although it i s  not t h e  purpose of t h i s  paper t o  dea l  wi th  t h e  opera t ion  of e n t i r e  
fue l  c e l l  systems, a few words concerning compat ib i l i ty  seem appropr ia te .  Due t o  t h e  
highly ac t ive  oxidizing na ture  of the  cathode r eac t an t ,  it i s  necessary t o  ca r ry  out 
the  cathode reac t ion  a t  t he  lowest poss ib le  n i t r i c  acid concent ra t ion  cons i s t en t  wi th  
the  cur ren t  required.  
cu r ren t s  of 75- 100 ma/cm2. 

A n i t r i c  acid concentration of 0.2 M is  s u f f i c i e n t  t o  ob ta in  

The e f f e c t  of HNO3 on the  opposing e lec t rode  genera l ly  w i l l  be less wi th  h ighly  
e l ec t roac t ive  anode fue l s .  Thus, a f u e l  such as  H2 w i l l  s u f f e r  l e a s t .  Dele te r ious  
e f f e c t s  seem t o  a r i s e  pr imar i ly  from accumulation of intermediate spec ie s  i n  the  HNO3 
systems, e.g. HN02, N02, and thus e f f i c i e n t  regeneration on the  cathode s i d e  increases  
compatibil i ty.  For ins tance ,  addi t ion  of HNO3 a t  concentrations below 0.6 M d i r e c t l y  
t o  a separated anolyte compartment causes no de le t e r ious  e f f e c t s  a t  an opera t ing  
methanol e lec t rode .  
cathode was not separated from the  anode compartment and reduction products were 
allowed t o  accumulate. 

E f fec t s  were evident,  however, a t  0.25 M when an opera t ing  HNO3 

SUMMARY 

The use of HNO3 i n  a f u e l  c e l l  cathode redox cycle has been shown t o  provide 
improved cathode performance over t h a t  generally achieved wi th  d i r e c t  electrochemical 
reduction of 02. The system provides equal e l e c t r i c a l  performance using e i t h e r  02 o r  
a i r .  
t h e  redox cycle depends on i t s  reconversion t o  HNO3. 
high l eve l s  of regeneration, oxygen,as would be expected, shows s u p e r i o r i t y .  
s i s t e n t  mechanism has been advanced t o  account f o r  a l l  aspec ts  of t h e  cathode r eac t ion  
i n  t h i s  system. 
t o  be a chemical s t ep  involving the reac t ion  of NO and €NO3. 

The product of cathode r eac t ion  i n  t h i s  system i s  gaseous NO and e f f i c i ency  of 

A con- 
While both oxygen and  a i r  provide 

Basic rate l imi t a t ion  i n  the  electrochemical reduct ion  r eac t ion  appears 

The redox concept, as  applied here ,  can of course be extended i n  p r i n c i p l e  t o  
improvement of any e lec t rode  r eac t ion  where r eac t an t s  exh ib i t  low e l e c t r o a c t i v i t y .  
The requirements na tu ra l ly  necess i t a t e  t h a t  the  redox in te rmedia te  be less e a s i l y  
reduced (or more d i f f i c u l t l y  oxidized) i n  theory than t h e  oxidant (or f u e l )  spec ies  
t o  be replaced. 
the  oxidant o r  f u e l  t o  be replaced, t h e  chemical regeneration of t h e  in te rmedia te  i s  
s t i l l  f eas ib l e .  
thus be r e s t r i c t e d  t o  those couples exhib i t ing  r eve r s ib l e  p o t e n t i a l s  no t  more than 
about 0.2 v o l t s  l e s s  p o s i t i v e  (or 0.2 v o l t s  more pos i t i ve )  than t h e  oxidants (or  
f u e l s )  t o  be replaced. 

Thus while ac tua l ly  exhib i t ing  more electrochemical a c t i v i t y  than 

For m o s t  p r a c t i c a l  f u e l  c e l l  sys tems,  t he  redox in te rmedia te  would 

. .  
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Figure 1 - Typical Performance O f  HNO3 Oxygen Electrode 
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Figure 2 - Dependence of Limiting Currents on HN03 Concentration 
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The Technology o f  Hydrogen-Oxygen Carbon Electrode m e 1  Cel l s  

Karl V. Kordesch and 
Lawrence M. L i t z  

Advanced Developments Department, 
Union Carbide Corporation, Parma, Ohio 

I 
Abstract* 

Low temperature, l o w  pressure hydrogen-oxygen f u e l  c e l l s  have emerged 

from t h e  research s t a t e  and a r e  present ly  subject  t o  very intensive development 

e f f o r t s .  The performance c h a r a c t e r i s t i c s  of carbon electrode f u e l  c e l l s ,  namely, 

high current  density, f l a t  d i scharge  charac te r i s t ics ,  long l i f e  and high overload 

c a p a b i l i t i e s  are es tab l i shed .  

Recent engineering s tudies  have led  t o  a d e f i n i t i o n  of t h e  operat ing and 

design requirements f o r  proper  d i s t r i b u t i o n  of  t h e  feed gases and e l e c t r o l y t e ,  f o r  

water removal by t r a n s p i r a t i o n  through t h e  electrodes i n t o  the c i rcu la t ing  streams 

and f o r  proper heat balance. The broad operating range of the  carbon e lec t rode  fue l  

c e l l  has permitted s i m p l i f i c a t i o n  of t h e  a u x i l i a r y  cont ro l  and c i r c u l a t i o n  systems. 

Considerable reduct ion i n  s i z e  and weight have been achieved by using 

e lec t rodes  of a new s t r u c t u r a l  design. 

redundancy. 

R e l i a b i l i t y  assurance can be extended by 

* Complete manuscript not received i n  t i m e  f o r  inclusion i n  Division Prepr in ts .  
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IONISATION OF AYDROGEN AND OXYGEN AT THE THREE 
PHASE BOUNDARY FORMED BY TRE CONTACT OF AIXALINE 

SOLUTIONS WITH SMOOTH METALLIC SURFACES 

N. A. Fedotov, V .  I. Veselovsky, K. I .  Rosenthal,' and J. A. Masitov 
I n s t i t u t e  f o r  Electrochemistry, Academy of Sciences, USSR 

Abstract* 

The i o n i s a t i o n  of hydrogen and oxygen i n  concentrated a l k a l i n e  
so lu t ions  was studied a t  various temperatures with e lec t rodes  p a r t l y  immersed 
i n  the e l e c t r o l y t e .  

I t  was shown t h a t  the ion isa t ion  current  increased by a f a c t o r  of 
more than t e n  o r  even by a f a c t o r  of more than a hundred i f  an e l e c t r o l y t e  f i lm 
wett ing the  e l e c t r o l y t e  was formed. The width of the reac t ion  zone of the 
oxygen i o n i s a t i o n  depends on the  temperature and p o t e n t i a l  of t h e  electrode.  

I t  was es tab l i shed  that a t  temperatures lower than 30 C t h e  speed 
of the process a t  a s i l v e r  e lectrode i s  determined not  only by d i f fus ion  but  
a l s o  by the t r u e  k i n e t i c s  of the  oxygen ionisa t ion .  A t  h igher  temperatures the 
l i m i t i n g  f a c t o r  i s  d i f fus ion .  The energy of ac t iva t ion  of oxygen d i f fus ion  i n  
concentrated a lka l ine  solut ions was determined. 

For a s e r i e s  of metals the  temperature a t  which the  t r u e  k i n e t i c s  
of oxygen ionisa t ion  changes over t o  d i f fus ion  k i n e t i c s  was determined. 

It  was shown t h a t  the oxygen ionisa t ion  cur ren t  depends on the  
nature  of the  m e t a l ,  the  temperature and the concentration of t h e  solut ion;  
f o r  a given temperature and concentration palladium shows a higher  current  
than o ther  metals .  

* Complete manuscript not  received i n  time f o r  inc lus ion  i n  Div is iona l  
Prepr in ts .  
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The Current  S t a t e  o f  Development o f  Fuel Ce l l s  
U t i l i z i n g  Semipermeable Membranes 
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1.0 I n t r o d u c t i o n  

The upsurge o f  i n t e r e s t  i n  the  l a s t  several years i n  fue l  c e l l  research i s  
abundant ly documented i n  t h e  l i t e r a t u r e  found i n  s c i e n t i f i c ,  engineer ing and bus i -  
ness a r t i c l e s .  
f i e l d  and t o  assess i t s  accomplishments, i t s  present s ta tus ,  and take a look a t  fu-  
t u r e  development in  t h a t  area. 

I t may be o f  va lue  t o  draw our thoughts together  i n  one area o f  t h i s  

I n  t h i s  paper we s h a l l  concen t ra te  on the  a p p l i c a t i o n s  o f  semipermeable mem- 
branes, i n  p a r t i c u l a r ,  ion-membrane fue l  c e l  Is. Most rep resen ta t i ve  o f  t h i s  group 
a r e  the s i n g l e  membrane f u e l  c e l  1 (Reference 1 )  t h e  dual membrane f u e l  c e l l  (Refer- 
ence 2) and a s i g n i f i c a n t  h y b r i d ,  t h e  gas - l i qu id  s i n g l e  membrane f u e l  c e l l  (Refer-  
ence 3). 

I t  may be o f  va lue t o  rev iew b r i e f l y  t he  advantages and disadvantages o f  an 
ion-membrane f u e l  c e l l  i n  comparison w i t h  fue l  c e l l s  w i t h  porous e lec t rode  and l i q u i d  il 
e l e c t r o l y t e s .  Some o f  t h e  advantages a re :  

1 .  The c o n s t r u c t i o n  o f  e l e c t r o d e - c a t a l y s t  con f i gu ra t i ons  i s  non- 
c r i t i c a l  - t h e  exact  s i z i n g  o f  e lec t rode  pores, the c r i t i c a l i t y  
o f  c a t a l y s t  d e p o s i t i o n ' a n d  t h e  requirements f o r  water p roo f i ng  
a r e  a l l  minimized. 

2. No loss o f  gaseous reac tan ts  due t o  pore inexact i tude.  The gase- 
ous reactants  cannot b e  l o s t  t o  tne  e i e c t r o i y c e  but  si i i ip :y  i d ~ o u n d  
back i n t o  t h e  gas chamber i f  they  do n o t  react .  

3. Compactness. 

4. L i g h t  weight. 

The disadvantages i n  t h e  ion-membrane f u e l  c e l l  are: 
l l  

1 .  Only moderate c u r r e n t  d e n s i t i e s  have been achievable al though the  
compactness o f  c o n f i g u r a t i o n s  m i t i g a t e s  t h i s  problem t o  some extent .  

2. Heat removal i s  more d i f f i c u l t  than i n  systems where an e l e c t r o l y t e  
can be c i r c u l a t e d ;  f o r  example, approximately 40-5G% the r e a l i z a b l e  
power in  a f u e l  c e l l  ends up as heat. The Hydrogen-Bromine Fuel C e l l  
(HBFC) and t h e  Dual Membrane Fuel C e l l  (DMFC) descr ibed l a t e r  repre-  
sent compromises i n s t i t u t e d  t o  overcome t h i s  problem. 

3. The most h i g h l y  developed ion-membrane fue l  c e l l s  a r e  organic  and 
t h e r e f o r e  s e n s i t i v e  t o  heat even when they a r e  i n  an aqueous en- 
v i  ronmen t . 

4. Water removal f rom e l e c t r o d e - c a t a l y s t  s i t e  represents a v a r i a b l e  



I 

which i s  d i f f i c u l t  t o  c o n t r o l  q u a n t i t a t i v e l y  and d i r e c t l y  in -  
f luences vo l tage output .  

The bas i c  membrane used i n  the  t h r e e  genera l ized c o n f i g u r a t i o n s  descr ibed 

I n  b o t h  cases t h e  polymers 
below a r e  o f  two phys ica l  species - a homogeneous f a b r i c  supported polymer (Refer- 
ence 4) and a g r a f t e d  polymeric type (Reference,5). 
a r e  su l fona ted  polystyrenes cross l i n k e d  t o  a g rea te r  o r  l esse r  extent .  
nisa: o f  ope ra t i on  o f  t he  membrane, however, d i f f e r s  app rec iab l y  i n  t h e  t h r e e  type 
o f  f u e l  c e l l s  t o  be discussed. Sketches o f  t he  th ree  types o f  f u e l  c e l l s  a r e  repre-  
sented i n  F igu re  1 .  

The mecha- 

A l l  o f  t h e  fue l  c e l l s  descr ibed i n  F igure 1 have been amply descr ibed i n  t h e  
l i t e r a t u r e  (Reference 1, 2, 3, 6 ,  7, 8). 
t h e  main purpose here i s  t o  de lve more i n t o  the  l i m i t i n g  f a c t o r s  inherent  i n  the 
opera t i on  o f  such devices. 

i s  i l l u s t r a t e d .  H i s  converted t o  H a t  t h e  anode, e lec t rom ig ra tes  tzrough the 
membrane and un i tes  w i t h  a reduced O2 species a t  t h e  cathode t o  form water which 
mus t be removed. 

Only b r i e f  d e s c r i p t i o n s  w i l l  be given s ince  

I n  F igure 1-A, t h e  S ing le  Membrane Fuel C e l l  which uses H2 and 0 as reactants  

2 

I n  F igure 1 - B y  t h e  Hydrogen-Bromine Fuel C e l l ,  t he  anode r e a c t i o n  i s  

H~->ZH+ + 2e 

and t h e  cathode reac t i on  
- 

B r 2  + 2e->2Br 

The ne t  r e s u l t  o f  the reac t i on  i s  t he  format ion o f  H B r  i n  t h e  aqueous ca tho ly te .  

F i n a l l y  i n  F igure I -C ,  t h e  Dual Membrane Fuel C e l l ,  t h e  anode and cathode 
reac t i ons  a r e  i d e n t i c a l  t o  those i n  t h e  S ing le  Membrane Fuel Ce l l .  The d i f f e r e n c e  
i n  these c e l l s  i s  t h a t  i n  t h e  former a l aye r  o f  H SO i s  found between two membranes 
which serves t o  improve water balance problems an$ a t s o  func t i ons  as a heat t r a n s f e r  
f l u i d .  

1.1 S ing le  Membrane Fuel C e l l  

The S ing le  Membrane Fuel C e l l  (SMFC) i s  t h e  system,which has been most in- 
t e n s i v e l y  i nves t i ga ted  i n  t h e  l a s t  few years. The membrane used i n  t h i s  case i s  a 
complete ly  water l eac lpd  ion-membrane where a l l  o f  t he  e l e c t r i c a l  t ranspor t  i s  due 
t o  the  m i g r a t i o n  o f  H 
u n t i l  water i s  formed a t  t he  cathode. 

i o n  formed a t  t he  anode from one s u l f o n i c  a c i d  group t o  another 

I f  the  ion  exchange membrane i s  considered a polymer network o f  a l i n e a r  o r  
branched v a r i e t y  c ross l i nked  a t ' v a r i o u s  s i t e s  and swol len w i t h  so l ven t ,  an adequate 
phys i ca l  network can be env is ioned f o r  t he  t r a n s p o r t  o f  so lu te.  +It i s  apparent i n  
env i s ion ing  t h i s  network as a I l s o l i d  g e l "  t h a t  t h e  v e l o c i t y  o f  H 
w i l l  be s t e r i c a l l y  hindered and i f ,  as seems l i k e l y ,  t h e  v e l o c i t i e s  o f  ions i n  I1gel" 
s t r u c t u r e s  i s  a f u n c t i o n  o f  t h e  increased v i s c o s i t y  o f  t h e  i n t e r n a l  so lvent  phase 
(Reference 9) then i t  fo l l ows  t h a t  t h e  Stokes f r i c t i o n a l  res i s tance  t o  f low 

ion i n  t h i s  network 

where 
F = 673qr 

7 = v i s c o s i t y  
r = rad ius  o f  m i g r a t i n g  p a r t i c l e  

should be increased producing slower i o n i c  m i g r a t i o n  whether the forces a r e  p u r e l y  



those o f  d i f f u s i o n  o r  e l e c t r o m i g r a t i o n .  I n  t h e  case o f  e l e c t r m i g r a t i o n ,  t h i s  re -  
t a r d a t i o n  w i l l  be mani fested b y  lower i o n i c  m o b i l i t i e s .  
m o b i l i t y  o f  H 
t o  a v e l o c i t y  o f  H i o n  i n  s u l f o n a t e d  pheonolformaldebyde r e s i n  o f  about 19 x 
cm/sec. (Reference 9). 

For example, t h e  i o n i c  
ion+in an aqueous e l e c t r o l y t e  i s  about 362 x cm/sec. i n  c o n t r a s t  

I f  one accepts as an o p e r a t i n g  bas is  t h a t  t h e  SMFC i s  now u t i l i z i n g  t h e  optimum 
c a t a l y s t s  ob ta inab le  f o r  t h e  H - 0 system and t h a t  opera t ing  vo l tages  much 
g r e a t e r  than 0.93 V a r e  n o t  1 i z e l y  $0 be obta ined (Reference IO), (a f a c t  t h a t  t h e  
w r i t e r  concurs i n  as a r e s u l t  o f  h i s  experience i n  development o f  Hz - O2 f u e l  c e l l s ) ,  
then t h e o r e t i c a l l y  t h e  n e t  power t h a t  can be obta ined w i l l  be a f u n c t i o n  o f  t h e  i o n i c  
m o b i l i t y  o f  t h e  H i o n  over  a g iven t r a n s i t  th ickness.  

Approximate c a l c u l a t i o n s  may be of some value i n  g u i d i n g  us w i t h  respect  t o  the  
l i m i t i n g  c u r r e n t  d e n s i t i e s  t h a t  can be achieved i n  a leached H+ t r a n s p o r t  system. Us- 
i ng  the  approach o f  Kortum and Bockr is  (Reference 1 1 )  and Sp ieg le r  and Coryel I (Refer- 
ence IZ), t h e  l i m i t i n g  c u r r e n t  d e n s i t y  o f  a leached membrane system may be d e f i n e d  as 

where 

$ =  

zi = 

A =  

i L  . - 

R =  

F =  

c =  
- 

th ickness  o f  d i . f fus ion l a y e r  
cons t a n  t 
va 1 ence 

Faraday 
i o n i c  m o b i l i t y  
g. ions/mole 
l i m i t i n g  c u r r e n t  

S u b s t i t u t i n g  appropr ia te  va lues 

6 = th ickness  o f  d i f f u s i o n  l a y e r  = th ickness  o f  
membrane = 0.0165 cm. 

- 1  2 
= OS1'H+ s o l u t i o n  = 35 ohms c m  H+ membrane 

C = 0.6 g. i o n / l i t e r  

2 we f i n d  1 = C. 330 ma/cm 
L 

The w r i t e r  recognizes t h a t  equat ion (2) holds s t r i c t l y  f o r  cases a t  i n f i n i t e  
d i l u t i o n  and tha t  endosmotic t r a n s f e r  o f  water  has no t  been considered, bu t ,  f o r  our 
purposes t h e  approx imat ion i s  s u f f i c i e n t .  

Another means o f  c o r r o b o r a t i n g  t h e  order  of magnitude o f  I L  i s  t o  use exper i -  
mental data o f  res is tances  o f  membranes i n  t h e  H 
c u r r e n t  d e n s i t y  l i m i t s .  The data presented by Grubb (Reference 13) on t h e  s p e c i f i c  
res is tance o f  ion exchange membranes y i e l d s  on Ohms Law c a l c u l a t i o n  f o r  a membrane 
th ickness  o f  0.0165 cm. c u r r e n t  d e n s i t i e s  i n  the  range o f  400 ma/cm2. F i n a l l y ,  i t  
i s  of va lue t o  no te  t h a t  Maget (Reference 6), i n  h i s  e x t r a p o l a t i o n s  o f  l i m i t i n g  cur-  
ren t  d e n s i t y  f o r  SMFC,projects va lues o f  t h e  order  o f  500 ma/cm2. 

form i n  c a l c u l a t i n g  achievable 

It can be assumed, based on t h e  preceding approximations, t h a t  h i g h  c u r r e n t  
d e n s i t i e s  a r e  achievable b y  t h e  SMFC and indeed l a b o r a t o r y  evidence (Reference 14) 
i n d i c a t e s  t h a t  such i s  t h e  case i n  s i n g l e  c e l l  t e s t  u n i t s .  
i n i t i a t e  t h i n k i n g  o f  t h i n  ion membranes ( .02 cm) as d i f f u s i o n  b a r r i e r s  through which 
i n  theory,  la rge  amounts o f  c u r r e n t  can f < ow i n  a fash ion  analogous t o  t h e  t h i n  d i f -  
fus ion  b a r r i e r s  r e s u l t i n g  from s t i r r e d  e l e c t r o l y t e s .  

It may then be v a l i d  t o  

P 
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Candidly,  w h i l e  t h e  preceding analysis. i s  o f  i n t e r e s t  i n  smal l ,  s i n g l e  c e l l  

t e s t  con f i gu ra t i ons ,  engineer ing fac to rs  have played a c r i t i c a l  r o l e  i n  1 i m i t i n g  
the  achievement o f  h igher  power dens i t i es  i n  m u l t i p l e  f u e l  c e l l  con f i gu ra t i ons .  
F i r s t l y ,  t h e  necess i ty  o f  un i fo rm rap id  water removal a t  h i g h  c u r r e n t  d e n s i t i e s ,  
which must be performed b y  gas c i r c u l a t i o n  or  a c m b i n a t i o n  o f  condensat ion and 
c a p i l l a r y  wick a c t i o n  i s  unsa t i s fac to ry .  (Reference 8). I n a b i l i t y  t o  remove water 
un i fo rm ly  and r a p i d l y  enough can cause vo l tage f l u c t u a t i o n s  i n  i n d i v i d u a l  c e l l s  and 
can i n  f a c t  "drown" e lect rodes causing f a i l u r e .  Another important engineer ing 
problem i s  t h e  removal o f  heat generated i n  the  membrane. The removal of heat can 
be performed i n  a number o f  ways, bu t  i n  a l l  cases invo lves t r a n s i t  through a gase- 
ous phase. I n  any case, i t  i s  our c o n v i c t i o n  t h a t  i f  the  heat generated could be 
conducted i n t o  a f l u i d  medium, t h e  heat t r a n s f e r  cons ide ra t i ons  r e l a t e d  t o  the 
. r a p i d i t y  o f  heat removal and energy expended f o r  such t r a n s f e r  would be more favor-  
ab le  from o v e r a l l  systems considerat ions.  It i s  in terest i ,ng t o  no te  t h a t  i n  l a r g e r  
power sources, t h a t  heat t r a n s f e r  f l u i d s  w i l l  most l i k e l y  be in t roduced t o  c a r r y  
away l a r g e  q u a n t i t i e s  o f  waste heat. 

1.2 Hydrogen-Bromine Fuel C e l l  

/ 

The Hydrogen-Bromine Fuel Ce l l  (HBFC), a secondary fue l  c e l l  device,  (Refer- 
ence 2) represents an at tempt a t  overcoming the  engineer ing d i f f i c u l t i e s  inherent  i n  
one aspect o f  t h e  SMFC, p a r t i c u l a r l y  heat t r a n s f e r  problems. 
heat t r a n s f e r  c o e f f i c i e n t s  o f  02, H2  and H20 inhandbooks i nd i ca tes  t h e  advantages o f  
using an aqueous system such as the bromine - hydrobromic a c i d  s o l u t i o n  i n  water t h a t  
serves as a c a t h o l y t e  f o r  the HBFC. 

oxygen e lec t rode  i n  the  &FC. 
loss o f  0.35 V - 0.40 V occurs a t  t h e  oxygen e lec t rode  i n  t h e  SMFC. 
experimental data (Reference 2 ,  15, 16) show t h a t  losses due t o  a c t i v a t i o n  Overvol tage 
f o r  the HBFC on d ischarge should f o l l o w  t h e  equat ion 

A comparison o f  t h e  

I n  a d d i t i o n  t h e  B r  /Br -  e lec t rode  isa  h i g h l y  r e v e r s i b l e  couple compared t o  t h e  
Oster (Reference 14) i nd i ca tes  t h a t  a c e r t a i n  a c t i v a t i o n  

Ca lcu la t i ons  and 

where 

77 = a c t i v a t i o n  over vo l tage  
2 i = c u r r e n t  dens i t y  i n  amps/cm 

Therefore,  a t  100 amps/cm2 on a p l a i n  e lec t rode  surface, t h e  a c t i v a t i o n  Overvol tage 
f o r  reduct ion o f  B r  t o  Bromide ion  i s  equal t o  -.OS V. 2 

I t  should be recognized however, t ha ta  disadvantage o f  t he  B r  / B r -  couple i s  t h a t  
the equiva lent  weight o f  B r 2  i s  cons iderably  g rea te r  than 02, an important cons ide ra t i on  
i n  a p r a c t i c a l  engineer ing sense. This  i s  m i t i g a t e d  t o  some ex ten t  by o the r  consider-  
a t ions.  For instance, when e l e c t r i c a l  regenerat ion o f  secondary f u e l  c e l l s  i s  c a l l e d  
f o r ,  t h e  h igher  vo l tage  e f f i c i e n c y  o f  t he  HBFC requi res less weight  o f  s o l a r  c e l l s  f o r  
recharging than a c m p a r a b l e  secondary SMFC. 

2 

Once again our a n a l y s i s  o f  t he  maximum current  d e n s i t y  l i m i t a t i o n  w i l l  be based 
on the membrane as the l i m i t i n g  fea tu re  o f  t h e  fue l  c e l l  and assuming t h a t  t he  anode 
and cathode a re  n o t  l i m i t i n g  w i t h  respect t o  cu r ren t  d e n s i t i e s .  

A c lose r  l o o k  a t  t h e  i o n i c  species invo lved i n  t h e  performance o f  t h i s  c e l l  i s  
warranted be fo re  proceeding f u r t h e r  inasmuch as  t h i s  i s  an' important f ac to r  i n  de te r -  
mining p r a c t i c a l  c e l l  performance. The o v e r a l l  r eac t i on  o f  t h e  c e l l  i s  

H2 + B r 3 -  e 2H' + 3 B r -  Eo = 1 .Os6 (4) 
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The vo l tage  o f  the c e l l  i s  determined by the  .Nernst r e l a t i o n s h i p  

c 

- 
Equat ion (5) impl ies t h a t  t h e  major p o r t i o n - o f  t h e  Jr2 e x i s t s  i n  s o l u t i o n  as B r  
Since the  e q u j l i b r i u m  cons tac t  f o r  B r  
s t a n t  f o r  B r  + B r  e i s  0.055, I t  appear2 t h a t  a t  concentrat ions i n  the 
a p p l i c a b l e  c 2 t h o l y t g  rangEr5H'= 6, B r '  = 6, B r 2  = 1 - 2, t he  assumntion i s  u s t i f i e d  
b y  a few s imple c a l c u l a t i o n s  e .g . ,  a t  B r 2  = 1 ,  B r  

Proceeding onward t o  exp lo re  t h e  nature o f  t he  discharge process a t  t he  anode, 
i t  can be seen t h a t  t h e  i dea l  s i t u a t i o n  i s  where o n l y  H+ and B r -  are i n  the membrane 
and B r  i s  excluded. I f  t h i s  i s  t h e  case t + + t - = 1 and hydrogen ion formed 
a t  the3anode i s  n e u t r a l i z e d  b y  Br - .  Clearly! i f  B r  !'can d i f f u s e  i n t o  the membrane 
and m ig ra te  toward t h e  anode,loss o f  e l e c t r i c a l  ene?gy can r e s u l t  from the reac t i on  
o f  hydrogen and bromine complex a t  t he  noble metal c a t a l y s t  e lect rode.  It i s  exac t l y  
t h i s  problem t h a t  Berger and co-workers (Reference 2) found t o  be a l i m i t i n g  f a c t o r  
i n  c e l l  l i f e .  A r e f o r m u l a t i o n  o f  t h e  membrane i n  order  t o  decrease t h e  mean i n t r a -  
molecular  diameter o f  t h e  membraile was successful  i n  l i m i t i n g  t h e  d i f f u s i o n  o f  B r  
i n t o  t h e  membrane and l e d  t o  long c y c l  ing 1 ines o f  g rea te r  than 9000 charge-discharge 
cyc les.  

One marked d i f f e r e n c e  between t h e  SMFC and the HBFC i s  t h a t  t he  major t ranspor t  
i n  the  l a t t e r  i s  a f u n c t i o n  o f  imbibed H B r  r a t h e r  than t h e  H+ i o n  i n  e q u i l i b r i u m  w i t h  
the f i x e d  i o n i c  s i t e s  i n  t h e  i o n  exchange membrane. 
2N B r  c a t h o l y t e  s o l u t i o n  a r e  i n  e q u i l i b r i u m  w i t h  a c a t i o n  membrane and i f  we assume 
t h a t  $he m i g r a t i o n  o f  B r 2  i n t o  the membrane i s  s t r o n g l y  hindered, then an i m b i b i t i o n  
o f  2-3 m i l l i e q u i v a l e n t s  o f  H B r  per m i l l i l i t e r  o f  membrane volume can be assumed (Refer- 
ence 17). 

. 
i s  17 and t h e  e q u i l i b r i u m  cdn- + B r - B r  

i, = 0.99 and B r  - = 6.10' . 3 5 

Let  us assume t h a t  6N H B r  and 

I f  we assume as p r e v i o u s l y  discussed above t h a t  t h e  l i m i t i n g  f a c t o r  i n  I L  i s  
t he  membrane i t s e l f  then we can setup a s e r i e s  o f  l i m i t i n g  cond i t i ons .  
e l e c t  rode 

For the  bromine 

o r  

where 

4 2 Id = 1.8 (IO-') C amp/cm (Reference 16) 
,! 

2 D = 4.10-5 cm /sec 
n = 2 e l e c t r o n s  . 
F = 96,500 coulombs per equiva lent  
t a 0.15 (max) . 
d = 0.05 cm. (max) 

A t  s o l u t i o n  normal i t y  o f  6N we have an a c t i v i t y  o f  about 2-3 (Reference 18) 
and t h e r e f o r e  could expect a l i m i t i n g  cu r ren t  d e n s i t y  o f  about 360-540 ma/crn2 even 
w i t h o u t  cons ide r ing  s u r f a c e  roughness factors.  The su r face  f a c t o r  assumption i s  
reasonable s ince  smooth p l a t i n u m  was u t i l i z e d  f o r  t h e  cathode. 
ana lys i s  o f  t h e  l i m i t i n g  c u r r e n t  a t  t h e  membrane-anode in te r face .  

We now t u r n  t o  an 

Presuming t h a t  t he  hydrogen e lec t rode  has i t s  d i f f u s i o n  l aye r  i n  the form o f  
a membrane w i t h i n  which c a t a l y s t  i s  imbedded, the  d i f f u s i o n  b a r r i e r  w i l l  be a membrane 
i n t o  which H+ ion i s  d ischarged and which must be  n e u t r a l i z e d  w i t h  e lec t rom ig ra t i ng  
B r - .  The c a l c u l a t i o n  o f  t h e  l i m i t i n g  cu r ren t  f o r  t he  hydrogen e lec t rode  may be ex- 
pressed as 

7 

1 
I 

f 
1 

I 



o r  

where 
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2 D = 4 x cm /sec (Reference 16) 
n a  1 
F = Faraday 

t+ = .85 
d = .0165 cm. 

Making t h e  assumption t h a t  t h e  concen t ra t i on  o f  HBr i n  t h e  membrane has a 1 i m i t i n g  
va lue o f  about 2.5 m.e. o f  H B r  per m l  o f  res in .  The a c t i v i t y  c o e f f i c i e n t  o f  2.5 N 
HBr i s  about 1.2 and t h e r e f o r e  an e f f e c t i v e  a c t i v i t y  o f  2.04. S u b s t i t u t i n g  t h i s  
va lue i n t o  ( 1 1 )  1 

Both o f  t h e  l i m i t i n g  cu r ren ts  der ived f o r  t h e  bromine e l e c t r o d e  and t h e  hydrogen 

325 ma/cm2. d 

e lec t rode  a r e  deemed t o  be w i t h i n  conservat ive l i m i t s ,  e.g., t h e  roughness fac to rs  
have been assumed t o  be one. 

1.3 Dual Membrane Fuel C e l l  

The u l t i m a t e  extens ion o f  t h e  combinat ion o f  t h e  membrane and e l e c t r o l y t e  so- 
l u t i o n  i s  found i n  t h e  DMFC where t h e  hydrogen and t h e  oxygen e lec t rodes  a r e  bo th  
placed against  c a t i o n  membranes and a 6N H2S04 ac id  s o l u t i o n  in terposed between t h e  
membranes. It i s  c l e a r  t h a t  i f  we once again make t h e  assumptions t h a t  i o n i c  d i f -  
f us ion  i n  the  membrane i s  l i m i t i n g ,  t h a t  l i m i t i n g  c u r r e n t  c a l c u l a t i o n s  may be per- 
formed f o r  b o t h  membranes. 

o r  

4 x x 1 x 96,500 x C 
0.15 x 0.0165 x IO3 I d  

L 
Id = .I56 C 

The assumptions made i n  t h i s  case a r e  s i m i l a r  t o  those i n  t h e  HBFC. It i s  
assumed t h a t  the  d i f f u s i o n  c o e f f i c i e n t  w i l l  be equ iva len t  t o  o r  l ess  than HBr, t h a t  
t he  t ransference number o f  H+ i s  5 1  i g h t l y  g rea te r  than f o r  t he  HBFC, and we have 
also made t h e  assumption t h a t  s i m i l a r  q u a n t i t i e s  o f  H SO a r e  imbibed bu t  t h a t  t h e  
a c t i v i t y  o f  2-3N H2S04 i s  much lower (Reference 20). 'Thtre i s  one f a c t o r  here how- 
ever ,  which i s  not present i n  HBFC. A f i l m  o f  water forms a t  t h e  oxygen cathode, 
the  tendency o f  which i s  t o  m ig ra te  i n t o  t h e  6N l i q u i d  e l e c t r o l y t e  between t h e  mem- 
branes. I n  p rac t i ce ,  i n t e r e s t i n g l y  enough t h i s  i s  borne ou t  b y  t h e  f a c t  t h a t  a l l  o f  
t he  water formed i s  found u l t i m a t e l y  i n  t h e  c e n t r a l  compartment. The f i l m  o f  water 
which forms can not be removed as r a p i d l y  as i n  t h e  case o f  t h e  SMFC because o f  t h e  
counter  osmot ic forces i n  t h e  membrane tending t o  draw t h e  water  toward t h e  c e n t r a l  
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e l e c t r o l y t e  compartment. The presence o f  t h i s  water f i l m  causes s i g n i f i c a n t  1K 
losses and i s  a l i m i t i n g  f a c t o r  i n  t h e  operat ion o f  t h e  DMFC. 

2.0 Engineer ing Cons ide ra t i on  

The approximations presented above w i t h  re ference t o  cu r ren t  d e n s i t y  1 i m i t a t i o n s  
a r e  no more than t a r g e t  areas which could be achieved i f  c e r t a i n  p r a c t i c a l  consider-  
a t i o n s  a r e  overcome. What then i s  t h e  present stage o f  achievement o f  these t h r e e  
d i f f e r e n t  fue l  c e l l s .  A graph o f  a t t a i n a b l e  operat ing c h a r a c t e r i s t i c s ,  based on a- 
v a i l a b l e  pub l i ca t i ons  f o r  these s i n g l e  fue l  c e l l s  i s  shown i n  F igu re  2. [References 
14, 21, 22, 2, 23). 

2.1 S ing le  Membrane Fuel C e l l  

The SMFC shows t h e  most advanced opera t iona l  c a p a b i l i t y ,  one o f  t h e  obvious 
reasons f o r  t h i s  be ing t h a t  a g rea t  deal more research and development has been com- 
m i t t e d  t o  t h i s  concept.  
achieved, a number o f  p r a c t i c a l  l i m i t a t i o n s  appear t o  l i m i t  gains f o r  t h e  SMFC i n  
m u l t i p l e  fue l  c e l l  con f i gu ra t i ons .  

A l though c u r r e n t  d e n s i t i e s  as h igh  as 150 ma/cm2 have been 

1.  Water removal f rom t h e  area o f  t he  oxygen e lec t rode  must be care-  
f u l l y  c o n t r o l l e d  s o  t h a t  enough water  i s  removed from each c e l l  o f  
a m u l t i p l e  c e l l  u n i t  t o  keep the  e lec t rode  from drowning o r  more 
p r a c t i c a l l y  t o  keep a l l  s i n g l e  c e l l  vo l tages i n  a m u l t i p l e  s e r i e s  
con f igu ra t i on  f rom w i d e l y  d i ve rg ing  and tending t o  i n s t a b i l i t y  o f  
c e l l  output  (Reference 24). 

The removal o f  water  from t h e  e lec t rode  surface i n  t h e  present  
apparatus i s  accomplished b y  t h e  condensation on a b i p o l a r  c e l l  
separator o f  t h e  mo is tu re  from t h e  e lec t rode  surface. Mechanical ly,  
t he  p o t e n t i a l  f o r  water  removal i s  suppl ied by a d i f f e r e n c e  i n  temper- 
a tu re  (C. 5-1OoF) between t h e  e lec t rode  surface and t h e  c e l l  sepa- 
ra to r .  I t  can be seen t h a t  t he  r a t e  o f  product removal f rom t h e  
reac t i on  s i t e  w i l l  vary  w i t h  the  temperature d i f f e r e n t i a l ,  t h e  gas 
temperature and content  o f  gas chamber and fac to rs  r e l a t e d  t o  the  
heat removal system. In 1 i gh t  o f  these compl icated engineer ing 
problems, t h e  w r i t e r  p r o j e c t s  t h a t  cu r ren t  d e n s i t i e s  o f  about 
50-75 ma/cm2 at n.78-n.?2 \! 2p:eer tc be -c'.i-,*:=b!c i:, E U ! : : ~ : B  

un i t s  w i t h i n  t h e  nex t  18-24 months bu t  i t  i s  no t  l i k e l y  t h a t  oper- 
a t i n g  cu r ren t  d e n s i t i e s  o f  g rea te r  than 100 ma/cm2 w i l l  be  achieved 
w i t h i n  the  nex t  36 months unless important break-throughs i n  engi -  
neer ing know-how occurs. Th is  does not appear t o  be an  impor tant  
l i m i t a t i o n ,  s i n c e  i t  i s  l i k e l y  t h a t  opera t iona l  cu r ren t  d e n s i t i e s  
i n  t h e  range o f  25-35 ma/cm2 w i l l  s u f f i c e  f o r  space missions such 
as o r b i t a l  manned f l i g h t s .  

2. 40-50% of  t h e  t o t a l  energy generated i n  the  SMFC r e s u l t s  i n  heat 
which must b e  d i ss ipa ted .  This can be e f fec ted  by  heat t r a n s f e r  
through metal c e l l  separators  w i t h  r a d i a t i v e  heat l o s s  t o  space or 
the  r e c i r c u l a t i o n  o f  f ue l  gas ( H  ) t o  p ickup heat and mo is tu re  w i t h  2 subsequent cool ing and condensation and f i n a l l y  t he  use o f  a separate 
1 i qu id  c i r c u l a t i o n  system t o  remove heat from t h e  separator  p l a t e  area. 
I f  the  l a s t  approach i s  used f o r  u n i t s  i n  the  1-5 Kw range (Reference 
25) then  i t  appears t h a t  t h e  weight and volume o f  the c i r c u l a t i o n  sys- 
tem would a t  l e a s t  equal t h e  e l e c t r o l y t e  inventory  requ i red  i n  the  
HBFC or the  DMFC. I n  add i t i on ,  i n  con t ras t  t o  t h e  DMFC, the  water 
recovery system f o r  t h e  SMFC requ i res  a separate subsystem f o r  t rans-  
p o r t  and recovery o f  water ,  an important f ac to r  i n  decreasing o v e r a l l  
r e l i a b i l  i t y  and i n  adding weight t o  the  system. 

i:  
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3. R e p r o d u c i b i l i t y  and t h e  q u a l i t y  c o n t r o l  appears t o  be an important 

engineer ing area where more research must be  performed. The leached 
membrane used i n  the  SMFC must have an absolute homogeneity o f  phys i -  
c a l  and chemical c h a r a c t e r i s t i c s  i n  order  t o  avo id  areas o f  in tense 
heat ing and uneven water format ion and removal. Th i s  i s  avoided t o  
a g rea t  ex ten t  b y  HBFC and DMFC s ince  the  e l e c t r o l y t e  imbibed b y  the  
membranes i n  t h i s  system serves as a l e v e l i n g  f a c t o r  f o r  phys i ca l  
p roper t i es  and water balance problems. 

2.2 Hydrogen-Bromine Fuel C e l l  

The HBFC l i m i t i n g  d i f f u s i o n  cu r ren t  i s  h igh  as i nd i ca ted  i n  b300 ma/cmg and when 
used, as i s  commonly the  case, as a secondary b a t t e r y  charge, acceptance e f f i c i e n c y  
i s  h igh  compared t o  the  H - O2 system. Th is  i s  due t o  the  cons ide rab le  i r r e v e r s i -  
b i l i t i e s  encountered on czarg ing a leached H2 - O2 SMFC system compared t o  the  HBFC 
where overvo l tage i s  a minor considerat ion.  I n  p r a c t i c a l i t y  t h i s  c a l l s  f o r  20-300/, 
greaterpower iequirement f o r  recharging a t  a g iven cu r ren t  d e n s i t y  (Reference 2 ) .  
The major f a c t o r  which has he ld  back the  rap id  development o f  t h i s  concept has been 
the  l ack  o f  sol i d  advances i n  membrane technology. Recent ly,  however, (Reference 2) 
advances have been made which auger we l l  f o r  t he  development o f  t h i s  c e l l .  I t  w i l l  
cont inue t o  s u f f e r ,  however, f rom one bas i c  l i m i t a t i o n .  
m ig ra t i on  o f  B r 2 ,  o r  B r  
must be made less  porouz, i.e., d i f f u s i v i t y  must be decreased. T h i s  w i l l  lead t o  
lower l i m i t i n g  cu r ren t  d e n s i t i e s  as a r e s u l t  o f  decreased i o n i c  m o b i l i t y  and cause 
higher I R  drops. i t  t h e r e f o r e  seems u n l i k e l y  t h a t  e f f e c t i v e  opera t i on  o f  g rea te r  
than 50-60 ma/cm2 a t  0.62 V-0.57 V w i l l  be achieved i n  m u l t i p l e  c o n f i g u r a t i o n s  o f  
HBFC i n  t h e  nex t  36 months. The maximums could probably be improved b y  30-50% i f  
s u b s t a n t i a l l y  more e f f o r t  i s  devoted t o  t h i s  type o f  dev ice than i s  p r e s e n t l y  contem- 
plated. I t  i s  l i k e l y  i n  f a c t  t h a t  f ue l  c e l l  op t im iza t i on  s tud ies  w i l l  i n d i c a t e  t h a t  
values o f  about 30 ma/cm2 and 0.72 V are  more approp r ia te  f o r  des ign considerat ions 
a t  t he  present t ime. Since, however, t h i s  ou tpu t  i s  good f o r  a secondary b a t t e r y ,  
s o l i d  p r a c t i c a l  achievements ( o r b i t a l  unmanned missions) may be a n t i c i p a t e d .  

In o rde r  t o  prevent  t h e  
more accurate ly ,  t h e  network o f  t h e  i o n  membrane fue l  c e l l  

2.3 Dual Membrane Fuel Ce l l  

A number o f  f ac to rs  i n d i c a t e  the  advantages possessed b y  t h e  DMFC. The mem- 
branes a re  c o n t i n u a l l y  i n  e q u i l i b r i u m  w i t h  6N H SO 
re la ted  t o  water balance and d r y i n g  o f  membrane? ( i L fe rence  21). 
moval o f  generated heat can be e f f i c i e n t l y  performed by  c i r c u l a t i o n  o f  t h e  e l e c t r o l y t e .  
F i n a l l y ,  s ince  water formed a t  t he  cathode migrates i n t o  t h e  c e n t r a l  e l e c t r o l y t e  res- 
e r v o i r ,  (Reference 3) we e s s e n t i a l l y  e l im ina te  the  water  t r a n s f e r  system requ i red  i n  
t h e  SMFC, e l i m i n a t e  complex i ty  and increase re1 i a b i l  i t y .  

thereby e l i m i n a t i n g  problems 
Moreover, t h e  re -  

Factors det r imenta l  t o  t h e  achievement o f  h igher  ope ra t i ng  c u r r e n t  d e n s i t i e s  i n  
the  dev ice a re  t h e  good p r o b a b i l i t y  o f  t he  low a c t i v i t y  o f  e q u i l i b r a t e d  H SO4 i n  the  
membrane thereby lowering t h e  c o n d u c t i v i t y  s u b s t a n t i a l l y  as compared t o  H 8 r  o f  t h e  
same concentrat ion i n  t h e  membrane and also,most i m o r t a n t l y ,  t he  format ion o f  a water 
f i l m  on the  oxygen electrode-membrane interface,suggests J l i m i t i n g  f a c t o r ,  t he  d i f f u -  
s ion  r a t e  o f  t h e  water from the  i n te r face  i n t o  the  membrane and t h e  c e n t r a l  rese rvo i r .  
The water f i l m  appears t o  have a d e f i n i t i v e  means o f  leav ing  t h e  area o f  t he  oxygen 
e lect rode b y  o rd ina ry  mass d i f f u s i o n a l  processes. I f  one assumes a d i f f u s i o n  constant 
o f  an order equiva lent  t o  t h a t  used i n  c a l c u l a t i n g  l i m i t i n g  c u r r e n t s  i n  membranes and 
tak ing  i n t o  account the  amb igu i t i es  i n  working w i t h  a c t i v i t i e s  a t  membrane in te r faces ,  
then a r a t e  o f  m i g r a t i o n  o f  water  o r  more p roper l y  H2S04 up t o  t h e  O2 e lec t rode  o f  
about 8-16 ma/cm2 f o r  a membrane .OS0 cm t h i c k  can be ca l cu la ted ,o r  values o f  about 
2 4 4 8  ma/cm2 f o r  membranes .0165 cm t h i c k .  
value agrees r a t h e r  w e l l  w i t h  t h e  r e s u l t s  obtained du r ing  t h e  course o f  a research 
program re la ted  t o  the  DMFC (Reference 3) .  
branes and w i t h  s u f f i c i e n t  development, cu r ren t  d e n s i t i e s  o f  40-50 ma/cm2 a t  .67 - .6j v 

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  the  former 

It appears l i k e l y  t h a t  us ing  th inne r  mem- 
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can be achieved i n  m u l t i p l e  c o n f i g u r a t i o n  w i t h i n  t h e  next  few years. Poss ib le  im-  
provements i n  t h i s  area might  r e s u l t  f rom operat ing a t  h igher  temperatures o r  the  
removal o f  water  v i a  gas c i r c u l a t i o n .  O f  note here, however, i s  t h a t  because o f  t h e  
s i m p l i c i t y  and ruggedness o f  t h i s  fue l  c e l l ,  t h a t  fue l  c e l l  u n i t s  have been o f f e r e d  
t o  i n d u s t r y  and government s i n c e  1962, (Reference 21). 

3.0 Summation 

The w r i t e r  has taken o p e r a t i n g  parameters t h a t  he f e e l s  may be achieved w i t h i n  
the  nex t  I8 months f o r  m u l t i p l e  f u e l  c e l l s  o f  t h e  th ree  general c lasses o f  devices 
discussed i n  t h i s  paper b e a r i n g  i n  mind t h a t  one o f  them, HBFC, i s  fundamental ly used 
as a secondary b a t t e r y .  O f  p a r t i c u l a r  i n t e r e s t  a r e  p r o j e c t i o n s  o f  approximate weight  
volumes and power d e n s i t y  based on p r o j e c t i o n s  o f  reasonable v o l t a g e  and c u r r e n t  densi- 
t i e s .  These a r e  found i n  T a b l e  1 .  

3 2 Thickness 
Type Vol tage Amp/ft ( inches)  Pounds/ftZ Volume(ft ) w a t t s / f t  K w . / f t 3  Wat ts / lb  

SM FC 9 72 75 .205 

DM FC .72 30 .194 

HBFC .72 30 .165 

T a b l e  

I t  i s  impor tant  t o  r e i t e r a  

40.2 3.2 1.37 .0171 55.0 

.0162 21.6 1.33 10.97 1.97 

1.67 .0138 21.6 1.56 12.92 

. Volume and Weight Factors  

e the bas is  on which t h e  c a l c u l a t i o n s  were made. 

1.  The weights and dimensions r e f e r  t o  a u n i t  c e l l  w i t h  no i n s t r u -  
mentation, e l e c t r o l y t e  holdup, water removal or any o t h e r  system 
f a c t o r s  considered. For instance,  i t  i s  c l e a r  t h a t  i n  long 
miss ions r e q u i r i n g  pr imary  c e l l s ,  the  increased weight  o f  f u e l  
needed w i l l  tend t o  improve markedly t h e  wat t  hours/ lb  obta ined 
f rom the  system. I t  i s  because o f  t h i s  v a r i a b i l i t y  o f  missions 
;,, a,,ycc, l a , l u ,  SIX L i i a L  IIU dLLt3 I IC )L  i las  been made 
t o  go beyond t h e  u n i t  c e l l  s t r u c t u r e  i n  ana lys is .  Table 2 how- 
ever ,  should b e  o f  v a l u e  as a general s t a r t i n g  p o i n t  f o r  systems 
a n a l y s i s  and i s  presented i n  t h e  non-metrical u n i t s  f o r  engi -  
neer  i ng conven i ence. 

The SMFC and DMFC a r e  pr imary  c e l l s  and t h e r e f o r e  no t  s t r i c t l y  
comparable w i t h  HBFC. 

The SMFC has been t h e  s u b j e c t  o f  a f a r  g rea ter  investment o f  
t i m e  and e f f o r t  than e i t h e r  t h e  DMFC or the  HBFC. I t  i s  almost 
c e r t a i n  t h a t  t h e  va lues  o f  w a t t s / l b  and K w a t t s / f t 3  f o r  t h e  
l a t t e r ,  t w o  would inc rease b y  a f a c t o r  o f  2-4 t imes w i t h  an in -  
t e n s i v e  development e f f o r t .  P r o j e c t i o n s  made i n  t h i s  paper as- 
sume t h a t  t h e  development o f  n e i t h e r  t h e  DMFC nor HBFC w i l l  be 
at as h igh a l e v e l  i n  t h e  nex t  th ree  years as has been t h e  case 
w i t h  t h e  SMFC. 

. ^  ----- -- I - - >  - -  .- I L .  

2. 

3.  

L i t t l e  has been s a i d  about  quasi-membrane systems, such as g e l l e d  e l e c t r o l y t e s  
and e l e c t r o l y t e s  absorbed i n  m a t e r i a l s  such as asbestos. I n  genera l ,  i t  i s  our f e e l i n g  
t h a t  w i t h  regard t o  gas p e r m e a b i l i t y ,  r e t e n t i o n  o f  e l e c t r o l y t e s  under a c c e l e r a t i v e  o r  
v i b r a t i o n a l  fo rces ,  removal o f  waste water  and heat  t h a t  such systems are  as yet  un- 
proven compared t o  i o n  membrane f u e l  c e l l s .  T h i s  i n  no sense i n d i c a t e s  however, t h a t  
systems such as H2 - O2 regenerable f u e l  c e l l  w i t h  asbestos e l e c t r o l y t e s  (Reference 26) 
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o r  o t h e r  pr imary systems (Reference 27) may no t  come t o  f r u i t i o n  i n  t h e  fu tu re .  k 
It may be o f  value, hazardous though it always appears t o  be, t o  suggest poss i -  

b l e  research and development areas t h a t  appear promis ing over the  next  few years. 

i 

\ 

1 

1. F i r s t l y ,  i t  i s  o f  some value due t o  advances i n  producing t h i n n e r  
membranes (Reference 5) t o  regard t h e  membrane as less o f  a s t r u c -  
t u r a l  e l e c t r o l y t e  and more as a d i f f u s i o n  b a r r i e r  up aga ins t  an 
e lect rode.  I n  t h i s  conceptual framework we f i n d  t h a t  t h e  membrane 
f o r  instance, can be regarded as a means f o r  producing low c o s t  
porous e lect rodes s ince  t h i n  membrane b a r r i e r s  w i l l  lessen t h e  
need f o r  the e legant  procedures used a t  present f o r  p repara t i on  of  
metal and carbon e lect rodes.  Moreover, such combined e l e c t r o d e  
membrane systems could be used i n  var ious e l e c t r o l y t e s .  F i n a l l y ,  
i f  very t h i n  membranes a re  used (&.Ol)cm., t he re  should be 
l i t t l e  d i f f i c u l t y  i n  even tua l l y  s u s t a i n i n g  c u r r e n t  d e n s i t i e s  i n  
excess o f  200 ma/cm2 a t  reasonable vo l tage  leve ls .  

temperature range (100 - 20OoC) s o l i d  e l e c t r o l y t e s  bo th  as c a t i o n i c  
and an ion i c  systems. Recent r e s u l t s  (References 28, 29) i n d i c a t e  
t h a t  n ve l  inorganic  systems have achieved res is tances o f  2-3 
ohm cm? a t  115OC. 

2. Inorganic  membrane systems have s t rong  p o t e n t i a l  as in termediate 

3.  Research re levan t  t o  a t t a i n i n g  a h i g h  l e v e l  o f  q u a l i t y  c o n t r o l  
for membranes and membrane e lec t rode  assemblies would appear t o  
be o f  much va lue  i n  promoting t h e  commerical manufacture o f  m u l t i -  
p l e  u n i t  c e l l s .  

4. The e x p l o r a t i o n  o f  t he  advantages i n  us ing l i q u i d  ion exchangers 
would appear t o  be o f  value. 

5. Although considerable e f f o r t  has been expended i n  recent years i n  
bas ic  membrane research (References 5 ,  9, 10, 12, 1 3 ,  17, 30) in -  
t e n s i f i e d  and w e l l  planned e f f o r t s  may ye t  b r i n g  important break- 
throughs i n  t h i s  f i e l d .  
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Figure 1 .  Three Representative Ion-Membrane Fuel Cel l s  
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Figure 2.  Comparison of Discharge Curves for SMFC, HBFC and DMFC 
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Performance of Hydrogen-Bromine Fuel Cel ls  

W. B. Glass and 
G. H. Boyle 

Ionics  Incorporated 
152 Sixth  S t r e e t  

Cambridge 42, Mass. 

Abstract* 

One of  t h e  p a r t i c u l a r  meri ts  of  t h e  hydrogen-bromine ion exchange membrane 

regenerat ive f u e l  c e l l  system is  t h a t  t h e  hydrogen-bromine couple i s  highly reversible .  

I n  e a r l y  c e l l s ,  bromine d i f f u s i o n  through t h e  membrane caused de ter iora t ion  of t h e  

hydrogen electrode.  

membrane designed t o  overcome t h i s  problem. The e f f e c t  of t h e  brominating environment 

on t h e  membrane i s  discussed. 

Data a r e  presented on t h e  successful  development of a new 

Experimental da ta  are a l s o  presented t h a t  demonstrate t h e  e f f e c t  of wide 

v a r i a t i o n s  i n  t h e  composition of  t h e  Br2-HBr-H20 e l e c t r o l y t e  on t h e  voltage, c e l l  

res i s tance  and performance c a p a b i l i t i e s  of H2-Br2 c e l l s  a t  severa l  temperature 

l e v e l s .  Various inorganic bromide sal ts  have a l s o  been inves t iga ted  as possible  

bromine s o l u b i l i z e r s  and t h e  r e s u l t i n g  vol tage and res i s tance  da ta  a r e  presented 

and evaluated. 

* Complete manuscript not  received i n  t i m e  f o r  inclusion i n  Division Prepr in ts .  
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WESTINGHOUSE SOLID-ELECTROLYTE FUEL CELL 

Fuel Design Group 

D. H. Archer L. Elihan 
J. J. Alles E.  F. Sverdrup 
W .  A. English R. L. Zahradnik 

Westinghouse E l e c t r i c  Corporation 
Research & Development Center 

Pi t tsburgh 35, Pennsylvania 

The basic  component of t h e  Westinghouse s o l i d - e l e c t r o l y t e  f u e l  

c e l l  i s  t h e  (Zr02)o.85 (CaO)o.15 (Zr02)o.g ( Y 2 0 3 ) o . d  e l e c t r o l y t e .  
"his material i s  an impervious ceramic which has t h e  unique a b i l i t y  t o  
conduct a current  by t h e  passage of O= ions  through t h e  c r y s t a l  l a t t i c e .  

The ease with which these  ions pass through t h e  e l e c t r o l f i e  i s  measured 

by  t h e  e l e c t r i c a l  r e s i s t i v i t y ,  pb, of t h e  e l e c t r o l y t e .  

f o r  both (Zr02)o.85 (Ca0)0.15 and (Zr02),,g (Y203)o.l a8 funct ions of  

temperature, T, are given i n  Figure 1. 

(Zr02)0.85 (Ca0)0.15 2 i n .  i n  diameter and 1 5  mils th ick  is about 0.1 ohm 
a t  1000~~. 
FABRICATING THE CELL 

Values of pb 

The res i s tance  of  a disc of  

To f a b r i c a t e  a c e l l  from such a disc, porous platinum electrodes 

are appl ied t o  both s i d e s .  On t h e  lower e lec t rode  of Figure 2 a molecule 

of O2 gas from t h e  surroundings acquires  4 e lec t rons  and forms 2 O= ions, 
which e n t e r  t h e  crystal l a t t i ce  of t h e  ceramic. 

2 O= ions emerge from t h e  e l e c t r o l y t e ,  g ive  up 4 e lec t rons ,  and recombine 

t o  form 02. The lower e lec t rode  i s  p o s i t i v e l y  charged; t h e  upper i s  neg- 

a t i v e l y  charged if O2 flows upward through t h e  e l e c t r o l y t e .  

s t r u c t  one chamber around t h e  lower e lec t rode  i n  which O2 i s  kept at a high 

p a r t i a l  pressure and another chamber around t h e  upper e lec t rode  i n  which 

t h e  partial p r e s s u B  of O2 i s  maintained a t  a low value. In  t h i s  case, t h e  

observed open c i r c u i t  voltage of t h e  c e l l ,  Et, can be computed f r o m  

A t  t h e  upper e lectrode,  

The most d i r e c t  method f o r  br inging about t h i s  flow i s  t o  con- 

(4 T 1 = RT I n  (p0 ,R / P ~ , , ~ )  (1) 
2 

= 4 ( t h e  Faraday number) = quant i ty  of  charge t r a n s f e r r e d  per 

= universal  gas constant ,  8.134 watt-sec/'K mol  
= absolute  temperature of  c e l l ,  O K  

where 4 7 
mol of O2 passing through the e l e c t r o l y t e ,  386,000 coulombs/mol 

R 

T 
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= o2 p a r t i a l  pressures  

RT I n  (Po ,H /Po ,L) = work per  m o l  obtained 
expansion o f  a gas  at 

’02, E; 02,L 

2 

i n  lower and upper chambers 

from reversible ,  isothermal  

temperature T, watt-sec/mol 

UTILIZATION AS F’UEL CEZL 
The device can be u t i l i z e d  as a f u e l  c e l l  ,by flowing oxygen o r  

air t o  t h e  lower chamber. 
pressure i n  t h e  lower chamber i s  maintained at about 0.2 atm. 
through the upper chamber, combines with any O2 present ,  and reduces t h e  

0 p a r t i a l  pressure i n  t h e  fuel chamber t o  about a t m .  (The to ta l  
pressure i n  both chambers is 1.0 atm.) 

instance is approximately 1.0 v o l t .  

If atmospheric a i r  is used, t h e  O2 partial 

Fuel flows 

2 
The ca lcu la ted  value of Et i n  this  

When a cur ren t ,  I, i s  drawn from t h e  terminals, t h e  vol tage V of  

t h e  c e l l  drops below the open c i r c u i t  voltage Et because of res i s tance  logses  

i n  t h e  e l e c t r o l y t e  and e lec t rodes .  

V = E t - I R  (2) 
where E is  t h e  vol tage computed f r o m  Equation 1 and R i s  t h e  ohmic res i s tance  

of electrodes and e l e c t r o l y t e .  An approximate expression f o r  the res i s tance  

R o f  a c e l l  is 

/ 

t 

(3)  
where 6, = electrolyte th ickness  

% = a c t i v e  ce l l  area 

Pe = r e s i s t i v i t y - t h i c k n e s s  quot ient  f o r  t h e  c e l l  e lec t rodes  

(See Figure 3)  
Le =mean d is tance  t r a v e l l e d  by t h e  e l e c t r o n i c  current  i n  t h e  e lec t rodes  

passing from t h e  plus  t o  t h e  minus terminal  of the c e l l  

Pe = mean width of t h e  electrode perpendicular t o  t h e  d i rec t ion  o f  

e l e c t r o n i c  c u r r e n t  flow 

For a ce l l  opera t ing  a t  1000°C using a (Zr02)o.85 (CaO)0.15 e lec-  
trolyte 5 cm i n  diameter and 0.04 cm th ick ,  

(0.44 ohm) , (2:5 
1 (z.> cm) 

J 

0.12 + 0.07 = 0.19 ohm 
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If t h e  e lec t rodes  of the  c e l l  a r e  s u f f i c i e n t l y  porous, the  I3 loss 
-- as indica ted  i n  Equation 2 -- i s  t h e  only voltage loss i n  the  c e l l ;  there  

are no appreciable  voltage drops i n  t h e  so l id-e lec t ro ly te  c e l l  a t t r i b u t a b l e  

t o  t h e  slowness of  d i f fus ion  o r  chemical react ion.  

CHARACTERISTICS OF SINGLe CELLS 

A number o f  s ing le  c e l l s  based on these p r i n c i p l e s  have been con- 

s t r u c t e d  and t e s t e d .  
meter of  1.3 inches are shown i n  Figure 4 and t h e  performance of such a c e l l  

i s  shown i n  Figure 5 .  
1.15 vol t s ;  i t s  res i s tance  is  about 0 .4  ohm. 

by t h e  device i s  0.85 w a t t ,  and t h e  current  densi ty  a t  t h e s e  condi t ions is  
150 amp/ft2. 

The components of a disc  c e l l  with an e f f e c t i v e  dia- 

The open c i r c u i t  voltage of  the  c e l l  with E2 f ie1 i s  
The maximum power del ivered 

SOLID-ELECTROLYTE FUEL CELL BA'ITWIES 

Sol id-e lec t ro ly te  f u e l  c e l l  b a t t e r i e s  have been inves t iga ted .  

One type of b a t t e r y  i s  constructed of  short ,  c y l i n d r i c a l  e l e c t r o l y t e  segnents 
shaped so t h a t  they can be f i t t e d  one i n t o  t h e  o ther  and connected i n t o  p 
long tube by bel l -and spigot  j o i n t s .  
A mathematical. ana lys i s  has been c a r r i e d  out t o  determine t h e  a c t i v e  c e l l  

length L which maximizes t h e  power per un i t  of c e l l  volume f o r  given values 

o f  (1) pb bb, t h e  e l e c t r o l y t e  res i s t iv i ty- th ickness  product; (2 )  pe/be, 
the electrode res i s t iv i ty- th ickness  quot ient  ( see  Figure 3); ( 3 ) l  , t h e  

seal length; and (4)  Reo, the  e l e c t r i c a l  res l s tance  of t h e  metal a l l o y  j o i n t  

which both makes t h e  seal and connects t h e  individual  c e l l  segments e l e c t r i c a l l y  

i n  series. 

Figure 6 shows an e l e c t r o l y t e  segment. 

An optimized t h r e e - c e l l  b a t t e r y  with bell-and-spigot j o i n t s  i s  

shown i n  Figure 7. 
i s  t h e  cur ren t  l e a d  t o  t h e  bat tery;  t h e  o ther  wires are probes for measuring 

p o t e n t i a l s  throughout t h e  ba t te ry .  

PERFORMANCE OF BATTERY ON 5 E W L  AND AIR 

One o f  the  platinum wires a t  each end o f  the c e l l  s tack 

The performance of t h e  b a t t e r y  on H2 f u e l  and a i r  i s  shown i n  
The open c i r c u i t  voltage of t h e  device i s  below t h e  expected Figure 8. 

3.3 v o l t s  because of  some short ing of  t h e  c e l l s  occurr ing i n  t h e  seal region. 

Such shor t ing  has  been determined t o  d r a w  about 100 ma i n  each c e l l ;  improved 
seal design w i l l  minimize t h i s  loss. I n  s p i t e  of t h i s  problem, a current  

i 
I 
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2 dens i ty  grea te r  than 450 ma/cm has been achieved i n  t h i s  ba t te ry  a t  the 

maximum power po in t  -- about  1 .2  vol t s .  
i n  the  fabr ica t ion  of the  b a t t e r y  of Figure 8 have been demonstrated t o  
be t i g h t  with a helium l e a k  de tec tor .  The oxygen leak  r a t e  through the 

f o u r t h  j o i n t  was shown t o  be less than the oxygen added t o  the f u e l  by 
a c u r r e n t  flow of 20 ma. 

PERFORMANCE OF BA”EXY ON I$ FU3LAND PURE O2 

and pure 0 is sham i n  F igu re  9. 
The cur ren t  dens i ty  at  maximum power was 750 m/cm . 
point ,  the  ba t te ry  produces 2 .1wa t t s ;  and each c e l l  segment, 0.7 wa t t  -- 
about the  same as a n  ordinary f l a s h l i g h t  ba t te ry .  

Three of the four  j o i n t s  required 

The performance of t h i s  same three-ce l l  ba t te ry  with I$, f u e l  

2 The open c i r c u i t  voltage i s  2.9 vol t s .  
2 

A t  the ma~rimum power 

The segmented-tube b e l l  and sp igot  b a t t e r y  gives  promise of 

providing a compact, l i gh twe igh t  power system. 

CELL sEmm CBARACTERISTICS 

The c h a r a c t e r i s t i c s  of the c e l l  segments which make up t h i s  

b a t t e r y  are given below. 

Over-all length,  (L  +A) = 0.58 + 0.53 = 1.ll cm 
Mean diameter, D = 1.07 cm 

Elec t ro ly te  material: ( !Zr02)o.g (Y203)o.l 
E iec t ro iy te  res is t ivi ty- t inicicness  parameter a t  icjw’c, 

2 pbbb = 0.4 ohm-cm 

Electrode material: porous platinum 
Electrode r e s i s t i v i t y / t h i c k n e s s  at  1000°C ( pe/6,) = 

Segment weight ( inc lud ing  one j o i n t )  = 1.9’7 gm 
0.43 ohm-cm/cm 

Segment volume ( inc lud ing  one J o i n t )  = 2.0 cm 3 

I 

, 

The e l ec t rodes  of t h e  cell  are qui te  l i g h t ,  and the t o t a l  weight 
of the cell is also small -- about 2.0 gm. 

maximum power, the  power produced i s  equivalent  t o  160 watts / lb  of e lec t ro-  

l y t e  and electrodes.  

If the c e l l s  m e  operated a t  

(This f i g u r e  does not  include b a t t e r y  casing, insulat ion,  

and a u x i l i a r i e s . )  The power pe r  u n i t  volume of the c e U  u n i t  i s  9.5 kw/ft 3 . 
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These performance f igures  can s t i l l  be improved by (1) t h e  development 

of e lec t rodes  with lower pel 6, values, (2) the use of e l e c t r o l y t e  

materials with lower pb values, and (3) optimization of t h e  seal dimen- 
s ions.  

c e l l s .  

More power/volume can also be obtained by using smaller  diameter 

SOLID-ELECTROLYTE FUEL CELL SYSTEMS FOR SPACE 
In order  t o  provide a useful  power source it is necessary not 

only t o  combine t h e  u n i t  c e l l s  i n t o  b a t t e r i e s  but a l s o . t o  provide man i -  

folding,  casing, and insu la t ion .  All these  components must be in tegra ted  

i n t o  a system. A series of 500 w a t t  s o l i d - e l e c t r o l y t e  f u e l  c e l l  systems 

have been designed f o r  use i n  space. Stacks of  c e l l s  connected by b e l l -  

and-spigot j o i n t s  are contained i n  an i n s u l a t e d  c y l i n d r i c a l  can which i s  
maintained a t  t h e  1027OC operat ing temperature by t h e  hea t  generated i n  

operat ing t h e  system a t  t h e  design power. The H2 f u e l  flows i n s i d e  each 

each tube s tack  and t h e  O2 oxidant f i l l s  t h e  can housing t h e  s tacks  
( see  Figure 10). The gas stream emerging from t h e  s tacks  i s  water vapor 

with 4 mole '$ o r  less unburned H2; t h i s  gas  is exhausted t o  t h e  surroundings 

100-hour and 1000-hour to ta l  mission lengths  using 1- inch diameter s tacks.  
A choice of  1/2-inch diameter s tacks  would have r e s u l t e d  i n  a smaller, 
lighter device. 

c e l l  system ( including t h e  cell ba t te ry ,  casing, manifolding, insu la t ion ,  

r a d i a t o r ,  and cont ro ls )  i s  25 pounds; t h e  est imated w e i g h t  of H2 and O2 
reac tan ts  and reac tan t  s torage system i s  115 pounds. For t h e  1000-hour 

mission,the est imated m i n i m  f i e 1  c e l l  system w e i g h t  is 47 pounds; the 
reactant and reac tan t  storage weight i s  643 pounds. 

Minimum-weight 500-watt systems have been determined far 10-hour, 

For a 100-hour mission, t h e  est imated weight of the  fue l -  

ADVANTAGES OF SOLID-ELECTROLYTE FUEL C E L I S  

Although p a r t i c u l a r  s o l i d  e l e c t r o l y t e  f u e l  c e l l  systems have been 

considered, modifications can be made t o  meet o ther  s p e c i f i c  requirements. 
I n  addi t ion t o  t h e i r  l i g h t  w e i g h t ,  s o l i d - e l e c t r o l y t e  f u e l  c e l l  systems 

have d i s t i n c t  advantages over o ther  f u e l  c e l l s :  
high operat ing temperature enables  t h e  h e a t  generated i n  opera t ing  the  c e l l  

t o  be rad ia ted  t o  t h e  surroundings without weighty, complex cool ing systems 
and rad ia tors ;  The e l e c t r o l y t e  is phys ica l ly  and chemically s t a b l e ;  There 

i s  no d i f f i c u l t y  i n  removing water from t h e  c e l l  ( i t  flows from t h e  system 

i n  vapor form); The system operates  independently of  g r a v i t a t i o n a l  forces .  

They are compact; Their  

For a l l  these  reasons, t h e  s o l i d - e l e c t r o l y t e  f u e l  c e l l  

system is a promising candidate f o r  generat ing power i n  space. 
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Electrode P rocesses  in Molten Carbonate Fuel Cells 
Isaac Trachtenberg 

Corporate Research 81 Engineering, Texas Instruments Incorporated, P. 0. Box 5474, 
Dallas 22, Texas 

Introduction 

Many of the potential applications of fuel cells  require operation on cheap, 

Fuel cells employing 
readily available fuels and a i r .  
o r  impure fuel gases readily derived from hydrocarbons. 
molten carbonate electrolytes and operating above 5OO0C afford an early opportunity 
for  rapid development of a system capable of satisfying these requirements. 
mater ia l  presented here  is concerned with some of the more  fundamental aspects of 
molten carbonate-magnesium oxide-matrix cells. '  The causes of electrode polariza- 
tion a r e  established and measured. 
polarization a r e  given. Based on the experimental observations, chemical and 
electrochemical reaction schemes a r e  suggested. 
sition curves a re  i l lustrated and indicate that good utilization of fuel at  reasonable 
voltages can be expected. 
a i r  a t  acceptable power levels continuously over extended time intervals. 

These fuels in all probability will be hydrocarbons 

The 

Typical data for the effect of fuels on anode 

Theoretical voltage-fuel compo- 

Cells have actually operated on hydrocarbon fuels and 

Fuel cells employing various eutectics of molten alkali carbonates a s  the elec- 
characterist ics of magnesium trolyte have been previously described. 1-4 Operatin 

oxide (MgO) mat r ix  cel ls  have also been reported. 5-7 These cells have been thermally 
cycled a number of t imes  and i n  some instances attained more  than 4000 hours of con- 
tinuous operation at  60OoC. Power densities greater than 100 watts/ft2 a t  0 . 7  volts 
have been obtained with pure hydrogen fuel and 4 1 air: C02 mixtures a s  the cathode 
gas feed. These resul ts  have led to the initiation of design and development work on 
molten-carbonate hydrocarbon fuel cel l  batteries and systems. 
cf these engi=ecri~.lg o:ndies is beyu~r i  iha scope oi rnis paper. 

However, discussion 

Experimental 

All of the experimental work reported here  was performed on cells identical 
to that shown in Fig. 1. 
with the third idling electrode. 
formance of the individual anode and cathode in a working fuel cell. The large elec- 
t rode (15.6 cm2 or 1 /60 ft2) i s  the working cathode and i s  bonded to the MgO matrix. 
The mat r ix  is impregnated with the binary LiNaC03 eutectic (m. p. ca. 500OC). Not 
shown is the anode bonded on the bottom side of the MgO matrix.  The anode has the 
same geometrical configuration and a r e a  as  the cathode. Cathodes for this study 
were  pure si lver;  however, sybstrates  of base metals containing catalyst a r e  now 
being used successfully. 
s t r a t e s  containing a wide variety of inexpensive catalyst. 

This illustration shows the cathode chamber of the cell 
This small  electrode is used to monitor the per-  

The anode is made of either si lver o r  base metal sub- 

Electrical  connection6 are made from the electrodes to the various insulated 
lead-throughs. 
electrodes i s  through the electrolyte contained in the MgO matrix. The lids a r e  then 
welded on to make each chamber  gas tight. The cell ie placed vertically in a furnace 
and the necessary external gas  and electrical  connections a r e  completed. 

The only electrical  connection within the cel l  between the three 
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Current-voltage t races  for the complete working cell  and the individual 
electrodes were obtained with a Moseley Model 3s X-Y recorder.  
work is used to give a continuously variable, pure resist ive,  load for the cell. 
current  passed in this circuit is  the X-input. 
electrode and the particular working electrode to be studied, o r  the terminal voltage 
of the cell becomes the Y-input. 
electrode the Y -input or for that matter any voltage measuring device used with the 
non-working electrode must have a high input impedance. 
curves measure the total steady- state polarization of the individual electrodes and 
the complete cell under working conditions. 

A transistor net- 
The 

The voltage between the non-working 

In order to avoid polarization of the non-working 

These current-voltage 

In order to establish the contributions of the various types of polarization, 
ohmic, activation, and concentration, to the total polarization, it is necessary to 
r e so r t  to a transient method. 
this purpose. 
according to time intervals  after^ removing the polarizing load. 
is removed immediately after current interruption for the present investigation in  
t imes  l e s s  than a microsecond. Since removal of activation polarization requires 
the electrode potential to change, the time required for i ts  decay i s  governed by 
the rate  of charging of the electrical double layer o r  about seconds. 
Polarization decay because of concentration effects requires t imes greater  than 

seconds since appreciable mass  transport  (either ions in the electrolyte or 
molecules in gas phase) must occur. 

A single current  interruption technique was used for 

Ohmic polarization 
The three types of polarization of interest  may be distinguished 

to 

Figure 2 schematically shows the interruption circuit. The heart  of this c i r -  
cuit is the mercury wetted Clare relay and i ts  make before break operating feature. 
This latter feature permits triggering and use of the sweep delay circuits of the 
545A oscilloscope. 
10-6 to 1 second. 7 

'\ 
Voltage time curves a r e  recorded from the oscilloscope from 

I 

Current-Voltage Curves for Operating Cell 

Q 

I 

The specific resplts presented a r e  typical examples of the data obtained from 
a large number of experiments on many s imilar  cells .  Figure 3 i s  current-voltage 
curves for a cell  operating at 6OO0C on pure H2 fuel on the 25th day of operation. 
The cathode is suppliedwith a 4 1 mixture of a i r :  C02. The curve VT represents 
the terminal voltage of the operating cell. The open circuit voltage is 1.40 volts. 
V A  and Vc curves a r e  the voltage of the anode and cathode, respectively, versus 
the non-working electrode. 
determined by current interruption, were measured  at  several  pre-interruption cur- 
rents and found to be constant. 
the curves VA t IRA and Vc - IRC a r e  the current-voltage curves due to concentra- 
tion polarization. 
aseumed to be the bulk electrolyte resistance.  RE. 
sistance at  the electrode-electrolyte-matrix interface, RA and RC contain the 
resistance of the individual electrode leads to the terminals just  outside of the fur- 
nace. 
0.10, and 0.21 ohme, respectively; the lead resistance of the individual electrodes 
is about 0.025 ohms. R is calculated to be . 035 ohms. The calculated resistance 
baaed on electrolyte confuctivity, electrode size,  and separation is . 011 ohms. 
These calculations imply a factor due to porosity and tortuosity of the MgO disc of 
about 3. 

The values of RA and RC,  the ohmic resistances a s  

Correction for the ohmic polarization i s  made and 

This difference i s  It i s  interesting to note that RA t RC <.RT. 
In addition to the ohmic re- 

Fo r  the particular case of cell 117R at 6OO0C, RA, Rc, and RT a r e  0.075, 
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The V T  curve indicates a power density equivalent to 60 w/ft2 at 0.7 volts. If 
all ohmic factors with the exception of the bulk electrolyte resistance,  RE. could be 
removed, this cell would produce an equivalent of 120 watts/ft2 a t  0 .7  volts. 

Several features concerning the polarization of the individual electrodes 
should be pointed out. 
densities of 200 amps/ft2. 
cathode, where oxide fi lms may be formed. 
at the anode, since products must back diffuse. 

Limiting cur ren ts  a r e  not being approached even at current 

Concentration polarization is greater 
Ohmic polarization is a more  important factor at the 

Figure 4 shows additional current-voltage curves for cell  117R. In order  to 
obtain these data, 200 cc /min  of CO2 were added to the original H2 fuel supply. 
fuel represents a reformed hydrocarbon. 
and the same polarization curves were obtained fo r  it a s  in Fig. 3. 
additional flow rate by itself is negligible (Hz rate w a s  raised to 700 cc/min with no 
measurable change in  the current-voltage curve). The effect of adding C 0 2  was 
observed immediately even a t  open circuit. 
obtained in the fuel effluent. 
change in  fuel composition. 
and can be attributed to the introduction of GO2 and the formation of H20 from the 
water-gas shift equilibrium. 
process. 

This 
The cathode conditions were unchanged 

The effect of 

Considerable amounts of water were 
The values of RA, RC and RT were  not altered by the 

However, the open circuit voltage is markedly reduced 

These substances a r e  products from the overall anode 

The terminal power output i s  equivalent to 42 watts/ft2 at 0 .7  volts and if  a l l  
ohmic factors excluding bulk electrolyte resistance were eliminated, an equivalent 
power of about 84 wattslft2 at 0 .7  volts could be obtained. 
paring figures 4 and 3 that the concentration polarization, 0. 18 volts, at an  equiva- 
lent of 100 amps/ft2 for reformed hydrocarbon fuel is considerably lower than that 
of the pure H2 fuel, 0. 35 volts, at the same current density. 
circuit voltage and the operating voltage is  lower for the reformed fuel, 1.06 volts 
open circuit, compared to 1. 40 volts open circuit, for the pure H2 fuel. 

It should be noted in  com- 

However, the open 

What has been re fer red  to a s  concentration polarization until now is really 
total polarization minus ohmic polarization. 
interruption studies, no activation polarization or evidence of any could be detected. 
As  might be expected, the system is subject to l e s s  concentration polarization as 
product concentration of the incoming fuel increases.  

F r o m  data such a s  these and current 

Current Interruption Studies 

As previously mentioned the various types, ohmic, activation, and concentra- 
tion polarization may be  distinguished and measured b y  voltage decay as a function 
of time after interruption of a steady state current.  
concerned only with pure H2 fuel in this system. 
simulated reformed hydrocarbon fuels is presented here. 

A previous publication7 was 
Comparison of hydrogen with 

Figure 5 i l lustrates anode current-voltage .curves corrected for ohmic 
polarization. 
creasing product (GO2 and H2O) concentration. 
given current density decreases  with increasing product concentration of the in- 
coming fuel. The lower open circuit  voltage of curve B compared to curve A i s  
related to the amount of CO2 continuously escaping from the electrolyte and the 
relative concentration of C02,  H20 and H2 (see proposed reaction scheme). 

Open circuit  voltage decreases  with decreasing flow rate and in- 
However, polarization at any 

/ 
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Current interruption experiments were completed with the fuels indicated in 
Fig. 5. 
a current density of 60 amps/ft2.  Figure 6 illustrates the voltage-time curves fo r  
the two high fuel flow rates.  The two straight lines :.re characterist ic of this type 
measurement. 
the ordinate. Data i n  
the 
the current drops instantly to zero. The horizontal line in the to  second 
range indicates no measurable activation polarization. 
times greater than 
almost parallel. 
moved. 
H2-CO2 open circuit voltage is attained more rapidly. 

All measurements were made at a pre-interruption current  equivalent to  
~ 

The steady state polarization i s  represented by the symbols through 
The initial drop i s  the same for a l l  fuels and flows studied. 

range a r e  somewhat distorted by the ring-back voltage which develops when 

The polarization decay in  

At the high flow rates  used, any effect of flow rate  has been r e -  
Since polarization for the H2-C02 fuel i s  less  than that for pure H2, the 

are attributed to concentration effects. The two curves a re  

Figure 7 i l lustrates the voltage time curves for the lower flow ra t e s  of Fig. 5. 
The same characteristic features a r e  observed here a s  in  Fig.  6. 
zation i s  constant and there is  no measurable activation polarization. 
there is  an effect of flow rate. 
creases  the rate of decay of concentration polarization over that observed for pure 
H2 at 160 cc/min. 

The ohmic polari- 
However, 

The total flow of 360 cc /min  for H2-C02 case in- 

B The effect of flow rate on anode polarization curves was studied in another 
In Fig. 8 anode polarization curves corrected for ohmic ser ies  of experiments. 

polarization at  various fuels and flow rates a r e  presented. Curve I illustrated that 
cells operating on reformed hydrocarbons at high flow rates  perform better than on 
pure H2 even though the open circuit voltage is  higher for the pure fuel. The intro- 
duction of an inert  gas to aid sweep, curve 111, leads to high open circuit  voltage 
but polarizes much more  rapidly (compare curves I1 and 111) when placed under load. 

'\ 

: All  of those data relating to flow rates indicate that the benefits of high open 
circuit voltage obtained by high f lows of pure hydrogen o r  hydrogen diluted with 
inert gases is  lost when significant quantities of the fuel a r e  consumed. 
of the high flow rates  of gases is to reduce the concentration of non-electrochemically 
produced C02 and H2O. 
effectiveness of gas sweeping is  greatly reduced. 

The effect 

When the electrochemical processes a r e  functioning, this 
1 

- 
Interruption studies were made on cathodes. Figure 9 i s  a typical voltage- 

Cathodes exhibit higher ohmic polarization 
Cathodes a r e  not as sensitive to 

time plot for a cathode operating on a 4 1 misture of air: C 0 2 .  
similar to those obtained for anodes. 
than anodes and l e s s  concentration polarization. 
gas flows. 
rapidly attained. 

The curves a r e  very 

Since concentration polarization is  small, electrode steady state i s  \ 

n 
Ohmic Polarization and Electrolyte Resistance 

Ohmic resistance at the individual electrodes is  calculated from the initial 
The values deter-  (10-6 second) voltage decay and the pre-interruption current. 

mined include lead resistance (. 025 ohms). 
determined by subtracting the s u m  of the anode and cathode resistance from the total 
cell resistance. 

Bulk electrolyte resistance i s  

The temperature coefficients of the various resistances were  measured. 
coefficient of anode was nearly identical with that of bulk electrolyte, while the co- 

The 
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efficient of the cathode was much higher (resistance decreased more than would 
be predicted on the basis  of changes in electrolyte conductivity alone). 

The relatively high ohmic polarization, the consequence of ohmic resistance, 

It i s  very unlikely that all  pores of the electrode match the pores in the 
a t  the anode may be attributed to electrolyte restriction at the electrode-matrix 
interface. 
matrix.  
the thickness and number of electrolyte paths between the active electrode sites and 
the bulk electrolyte and increases  the ohmic resistance. Since the temperature co- 
efficient of the ohmic resis tance at  the anode is the same a s  the bulk electrolyte, it 
is reasonable to assume that a l l  of the ohmic polarization at this electrode is due to 
the electrolyte. 
electrolyte restriction. 

In fact, there  is a great  deal of masking. This masking greatly reduces 

Its relatively large vase is directly attributable to the degree of 

At the cathode a s imilar  situation exists. However, there is an additional con- 
tribution to the ohmic resis tance which has a larger  temperature coefficient. 
Although silver oxide is thermally unstable a t  6OO0C there  is a finite amount present 
on the electrodes. 
As the temperature is increased the amount of oxide is reduced and the ohmic polari- 
zation decreases .  

This oxide layer introduces some additional ohmic resistance. 

Reaction Scheme for Overall  Electrode P rocesses  

The foregoing experiments and results suggest that all reaction kinetics a r e  
very fast  and equilibriums a r e  established. The observed polarization is attributed 
t o  ohmic resistances and mass transport  limitations. At the anode the same types of 
polarizations exist for pure H2 fuel a s  for a variety of H2-CO2 fuels which represent 
reformed and partially consumed reformed hydrocarbon fuels. 

Two chemical reactions a r e  assumed to  always be in equilibrium: 

1 )  H2 t C02 __ H 2 0  t CO 

7 1  cc-= 1) rn  r c z 8 . 9  
- 1  3 --2 ' 

The oxide ion is the active potential determining species present in the elec- 
' trolyte. The electron-transfer reaction becomes 

3) M t o= MO t 2e- 
where M represents the active metal  catalysts. 
reduction of the metal  oxide by H2 

Fuel is consumed in the chemical 

4) MO t H2 M t H20, 

thus regenerating the active metal  catalysts. 
reaction proceeds rapidly and is always in equilibrium. 
shifted very f a r  toward metal -water. 

At 6OO0C and higher, this latter 
The equilibrium being 

On the basis of this model the anode potential may be represented a s  

0 2.3 RT PHzO] pc02] 5)  EA = EA - log 

LaH21 
n F  

where ai represents the activity of the various reactants and products. The various 
activit ies a r e  represented in  t e rms  of a contribution f rom electrochemical and chemi- 
cal  reaction. For example 

1' 

J 

I 

/ 
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r, 

where 8 H 2 0  is a proportionality constant, x is partial pressure of water obtained 
from electrochemical conversion and y is the partial  p ressure  of water obtained by 
shift conversion. 

Figure 10 illustrates anode potential curves obtained assuming Q H ~ O  , 
0H20 and e 0 2  a l l  equal to 1. The initial fuel is pure H2. The potential is 
plotted a s  a function of the H2 electrochemically consumed. The potential scale is 
meant to be a relative scale since EA was assumed to be standard potential for the 
reaction, 

0 

a t  the appropriate temperature. 
shift reaction. 

The dashed line is the same plot neglecting the 

In Fig. 11 the value of 8 ~ ~ 0  was varied and a family of curves with the same 
potential variation with H2 consumption was obtained. 
cathode is invariant. 
Since C02  pressure  effects the potential by establishing the equilibrium concentra- 
tion of O=, i ts  weighting factor is always unit. 
metal  The weighting factor indicates the ratio of H2O- 
coverage to H2-coverage when the partial p re s su re  of the two components is equal. 
A s  figure 11 indicates, 8~ 0 merely changes the absolute anode potential for a 
given E 2  . This value of dHZO 
catalyst. 

In all of these curves the 
8 H 2 0  represents a weighting factor for surface coverage. 

However, there is competition for 
si tes between H2 and H 2 0 .  

fo r  an electrode will depend upon the metal  

Figure 12 illustrates the effect of starting with fuels obtained from various 
hydrocarbon treating processes. 
limited purification of the raw reformate. 
and shifted natural gas. 
c lass  CnHzn 
moved. 
pure H2. 
fuel there is very little advantage for  the use of pure H2 and various partially 
oxidized hydrocarbons may be used with equal effectiveness. 

The proposed reaction scheme for cathodes7 i s  similar to  anodes. 

Curves A and B represent steam reforming with 
Curve C represents completely reformed 

Curve D represents partial  oxidation of hydrocarbons of the 
. Curve E is a 80% consumed fuel in which a l l  the water is r e -  

At low consumption there is appreciable benefit for  initially supplying a 
However, at more than 5070 electrochemical consumption of the starting 

The f i r s t  

2' step in the scheme i s  the adsorption of 0 

This oxide formation i s  responsible additional ohmic resistance observed at the 
cathode. The electrochemical reaction is - 9)  2Agn/2 0 t 4e- - nAg t 2 0 =  

and finally the equilibrium between C02  and O=. 

10) 2CO2 t 20'  zz 2co; , 
is established a t  the cathode. The potential of the cathode may be writ ten a s  
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4 

4 

4 
2 '  where a and a a r e  the activities (partial p ressures)  of oxygen and CO 

0 2  co2 
According to equation 11 the substitution of O2 for a i r  should increase the 

This predicted result -has been verified overall cell  voltage about 30 millivolts. 
experimentally. 

Conclusion 

Fuel cells employing molten-carbonate electrolytes can be operated succese- 
fully on air and a wide variety of fuels readily derived from hydrocarbons. 
current densities up t o  200 amps/f t2  there  is no kinetic limitation other than mass 
transport. 

At 

When hydrocarbon-derived fuels a r e  initially supplied to the anode, open circuit  
voltage is lower than when pure H2 is supplied. 
anode polarization on impure fuel is much lower. 
tu res  of air and CO 

However, under appreciable load, 
Cathodes perform w e l l  on mix- 

2' 

Although all of the electrodes investigated showed no activation polarization, 
electrode potential under operating conditions is dependent on the product- reactant 
adsorption equilibrium of the particular catalyst-electrode. 

Acknow ledgements 

In part  the work reported he re  received financial support from the United 
States Army Engineers Research and Development Laboratories, For t  Belvoir, 
Virginia 

References 

1. 

2. 

3. 
4. 
5.  

6. 

7 .  
8. 
9. 

C. H. J. Broers ,  "High Temperature Galvanic Fuel Cells" Thesis, University 
of Amsterdam (1958). 
G. H. J. Broers  and J. A. A. Ketellaar in  "Fuel Cells", C. J. Young, Editor, 
py I v -  ,a, A ~ ~ I . . * * " * U  r L b " u m , . l L l g  bU. { S  7uuj. 

H. H. Chambers and A. D. S. Tantrum, ibid., pp 94-100. 
M. L. Kronenberg, J. Electrochem. Soc. 109, 753 (1962). 
Y. L. Sandler, ibid 109, 1115 (1962). 
C. G. Peattie, B. H x a r b e e ,  K. W. Kreiselmaier,  S. C. Parker ,  I. 
Trachtenberg, and A. H. White, "Performance Data for Molten-Electrolyte 
Fuel Cells Operating on Several Fuels", Conference Proceedings 1962, Pacific 
Energy Conversion Conference, San Francisco, Calif., Aug. 12-16, 1962. 
C. G. Peattie, I. Trachtenberg, B. H. Barbee, K. W.  Kreiselmaier,  S. G. 
Pa rke r  and A. H. White, "Factors Involved in  the Use of a High Temperature 
Fuel  Cell  as  a Space Power Source", Vol. 11, Progress  in  Astronautics and 
Rocketry ' ' P o w e r  Systems for Space Flight" in  p re s s  (1963). 
I. Trachtenberg, J. Electrochem. S o c . ,  in  press  (1963). 
H. Flood, T. Forland, +nd K. Motzfeldt, Acta. Chem. Scand. 6, 257, (1952). 
S. Djordjevic and G. J. Hi l l s ,  Trans.  Faraday S O ~ .  6, 269 (1960). 

__  7 0  np ~ - : - L - I J  - _ _ L - : _ L : - _  P .  # n n / n \  

- 

- _ _ _ -  



I- 

\ 

.b 

Fig. 1 Cathode chamber of a working fuel ce l l  showing third idling 
elect rode 
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Typical polarization curves for a cell and individual electrodes 
operating on H2 and a ir-C02 
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4 Typical polarization curves for a ce l l  and individual electrodes 
operating on a simulated reformed hydrocarbon and a ir-C02 
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Fuel c e l l  research at t h e  I n s t i t u t e  of G a s  Technology began in 1959.- 
Using the work done by Broers ( 2 )  on t h e  molten carbonate Ngh-temperature 
f u e l  c e l l  as a s t a r t i n g  point ,  IGT has concentrated a la rge  port ion of its 
e f f o r t  on f u r t h e r  development of this system from both a fundamental and an 
engineering viewpoint. 
ra tory,  through 1960, have been described elsewhere (11). 

natura l  gas operated, molten carbonate fuel c e l l  system has been in f i v e  
areas : 

Background material and earlier work from this labo- 

During t h e  past  2 years t h e  research and development e f f o r t  of IGT on a 

Electrode evaluation and design 
e Paste e lec t ro ly te  development . Natural gas reforming 

Battery design and scaleup 
Economic evaluation 

In  this paper t h e  r e s u l t s  i n  these f i v e  areas are summarized. All f i v e  areas 
are strongly i n t e r r e l a t e d  and interdependent, and each combination of elec- 
t rode,  e lec t ro ly te ,  reformer, and ba t te ry  design gives r i s e  t o  d i f fe ren t  
fundamental requirements f o r  one o r  more of t h e  individual  components. Any 
given design w i l l  a f f e c t  the economics of t h e  fuel c e l l  system. 

In his economic analysis  of domestic f u e l  c e l l  systems, von Fredersdorff 
(12) has indicated some of t h e  l imi ta t ions  on fuel c e l l  hardware costs .  It 
has been an important p a r t  of this research t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of 
economic hardware f o r  na tura l  gas operation. 

ELECTRODE EVALUATION AND DESIGN 

Almost a l l  f u e l  c e l l  e lectrodes must possess t h e  same general  character- 
i s t i c s  of high e lec t roca ta ly t ic  a c t i v i t y ,  good mass t ranspor t  propert ies ,  and 
long-term physical and chemical s t a b i l i t y .  In  t h e  Ngh-temperature molten 
carbonate system, t h e  a c t i v i t y  c r i t e r i o n  i s  a l l e v i a t e d  by the elevated oper- 
a t ing  temperatures, and t h e  mass t r a n s f e r  problems are not un l ike  those asso- 
c ia ted  with other  types of f u e l  c e l l s .  
i n  many respects  unique because of t h e  proper t ies  of t h e  molten carbonate 
e l e c t r o l y t e  and t h e  operating temperatures. 

both a s t r u c t u r a l  and chemical viewpoint i n  t h e  last 2 years.  Metal f o i l ,  
t h i n  film, s in te red  powder, and s in te red  f i b e r  s t r u c t u r e s  have been explored. 
Materials used i n  these invest igat ions have been platinum, n icke l ,  s i l v e r ,  
palladium and a l loys  of s i l v e r  and palladium. 

However, t h e  s t a b i l i t y  problems are  

A t  IGT a number of d i f f e r e n t  types of e lec t rodes  have been s tudied from 

Metal Foil Electrodes 

Hydrogen permeable metal f o i l s  have been used for some time in conjunc- 



t l o n  with commercial hydrogen pur i f ica t ion  rocesses, and much technical  
l i t e r a t u r e  on these materials i s  ava i lab le  74,7).  
concept of a metal f o i l  anode e a r l y  i n  i t s  program as  an expedient means f o r  
solving two problems associated with t h e  molten carbonate f u e l  c e l l ,  e lectrode 
flooding and corrosion. The first  f o i l s  s tudied were al loys of palladium 
and s i l v e r ,  of which t y p i c a l  performance 1s shown i n  Figure 1. Complete de- 
t a i l s  of t h e  I G T  palladium f o i l  f u e l  c e l l  have been published ( 9 ) .  Since 
the  anode in this c e l l  i s  n o t  permeable t o  the  reaction products, the  mass 
t ransport  processes a r e  very d i f fe ren t  from those associated with more con- 
ventional molten carbonate fue l  c e l l s .  A var ie ty  of experiments indicated 
t h a t  the  overal l  anode reac t ion  is s t rongly l imited by t h e  diffusion of 
react ion products, carbon dioxide and water, away from t h e  electrode.  The 
f a c t  that diffusion of hydrogen through t h e  f o i l  did not appear t o  be l imi t -  
ing led t o  experiments w i t h  pure palladium f o i l s  of poorer hydro en diffusion 
charac te r i s t ics .  
although a direct  comparison could not be made, because improvements i n  other  
c e l l  components were incorporated at t h e  same time. 

Silver-palladium diffusion f o i l  e lectrodes have operated continuously 
under 25 m a .  per sq. cm. load for  over 7 months without #apparent damage t o  
the  anodes. Unfortunately, these palladium diffusion f o i l  e lectrodes are too 
expensive for  gas industry use.  A t  present  other,  less expensive, hydrogen 
permeable f o i l  e lectrode matepials a r e  being investigated.  

Thin Film Electrodes 

IGT was a t t r a c t e d  t o  t h e  

Somewhat b e t t e r  c e l l  performance was observed ?Figure l), 

The use of metal f i l m  e lectrodes is economically a t t r a c t i v e ,  espec ia l ly  
i n  those cases where noble metals are needed. With semisolid e l e c t r o l y t e  
molten carbonate f u e l  c e l l s  it i s  possible  t o  use the  e lec t ro ly te ,  which a t  
suboperating temperature is a so l id ,  as t h e  support f o r  applying t h e  t h i n  
fi lm. Electrodes were appl ied by vacuum deposit ion and simple paint ing tech- 
niques. In  the  lat ter,  t h e  metal t o  be deposited e x i s t s  as a f i n e l y  dispers- 
ed p a r t i c l e  i n  an  organic binder.  
commercially available.  

s i l v e r  cathode. 
dissolut ion of the s i l v e r  in the  e lec t ro ly te .  
and Janz (8) have discussed t h i s  problem. S i lver  film electrodes (0.001 cm. 
thick)  prepared from commercial s i l v e r  paints  have performed over 4000 hours 
a t  600Oc. without apparent l o s s  i n  performance although some d isso lu t ion  of 
s i l v e r  i n  m e  eiecLroiyLe a i d  occur. ine r e i a t i v e i y  long i i F e L i m e  is  t t i i ra i -  
buted t o  t h e  fac t  t h a t  the  c e l l s  were operated a t  lower temperatures than 
those used i n  t h e  work of o thers  and were continuously under load; the  oxy- 
gen electrode i s  always cathodical ly  polarized,suppressing t h e  d isso lu t ion  
reaction. Moreover, cathodes were not  physically flooded t o  any s i g n i f i c a n t  
extent.  

The successes with t h e  s i l v e r  f i lm cathodes led to  experimentation with 
other metals i n  an e f f o r t  t o  develop a similar type of anode s t ruc ture .  
success was achieved i n  t h i s  area pr imari ly  because of el.-trode flooding. 
Results of various experiments are swmnarized i n  Table I. The best  r e s u l t s  
were achieved with vacuum-deposited palladium; however, t h e  c e l l  l i fe t imes  
obtained were only about 300 hours. 

Since performance decreases w i t h  load, anode flooding could have been 
caused e i t h e r  by carbonate ion t ransport ,  o r  by drag forces  exerted on t h e  
e l e c t r o l y t e  by the escaping reaction products. However, t h e  react ion prod- 
u c t s  do not cause cathode flooding when they are forced t o  escape through a 
fi lm cathode (by using a foil anode, which i s  impermeable t o  t h e  reac t ion  
products).  Hence, f loodinn must be associated with the d i rec t iona l  character  

A l l  solut ions used f o r  the  process were 

The f i r s t  experiments were directed toward development of a t h i n  f i lm 
The major ant ic ipated d i f f i c u l t y  i n  t h i s  instance w a s  the  

Douglas (5 ) ,  Broers ( 3 )  

- 

L i t t l e  

o f  ion ic  transport  phenomena. 
is  now in progress. 

A more de ta i led  invest igat ion of these e f f e c t s  
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Sintered Metal Electrodes 

ventional n i cke l  and s i l v e r  powder electrodes ava i lab le  from C l e v i t e  Corpora- 
t ion; and 2) nickel and palladium f iber  metal e lectrodes obtained from h o u r  
Research Foundation of Illinois I n s t i t u t e  of Technology. Early in the  study, 
it was observed that similar performances were obtained from bulk sintered 
silver and s i l v e r  f i lm  cathodes, and further research w i t h  the former was 
abandoned Fn favor of t he  more economic silver f i lm electrode.  

Two types of sintered metal electrodes have been inves t iga ted :  1) con- 

The high cos t  of palladium f o i l  anodes indicated that a new look at non- 
Early IGT attempts t o  use sintered n icke l  powder, noble metals w a s  r e w i r e d .  

described elsewhere (ll), indicated that severe corrosion problems existed. 
The most ser ious d i f f i c u l t y  a r i s e s  from d i r e c t  contact of the anode w i t h  t he  
oxygen from the  cathode because of a i r  leakage through t h e  e l ec t ro ly t e .  A 
second problem arises when t h e  anode i s  operated at po la r i za t ion  conditions 
such that electrochemical consumption of the n icke l  is possible .  A t  6OO0C., 
this polaxizat ion value is about 200 mi i l i vo l t s  below the  hydrogen consumption 

This phenomenon has been discussed recent ly  in some detail  by 
Broers 3 )  f o r  n i cke l  and i r o n  electrodes, and by Bloch (1) f o r  these and 

electrodes and improved e l ec t ro ly t e  structures have been operated at 5OO0C. 
over 1500 hours at current  dens i t ies  between 15 and 25 ma. per sq. cm., with- 
out ser ious n i cke l  corrosion. The lower operating temperature a l l e v i a t e s  t he  
d i r ec t  chemical corrosion problem, but reduces the  po la r i za t ion  zone in which 
the  anode can be sa fe ly  operated. 

In  order t o  determine the e f f ec t  of e lectrode s t ruc tu re  on c e l l  perfomn- 
ance, a number of recent  experiments w i t h  s in te red  fiber m e t a l  e lectrodes h v e  
been made. Typical r e s u l t s  comparing s in te red  powder and f i b e r  metal elec- 
trodes a r e  shown Fn Figure 2. So far, performance of fiber m e t a l  e lectrodes 
seems in fe r io r  t o  t h a t  of the  s intered powder types. However, the poss ib i l -  
i t i e s  of fiber m e t a l  s t ruc tu res  have been only supe r f i c i a l ly  explored, and 
more extensive research  is now in progress. 

potentiEl* other e ectrode materials. The most recent IGT experiments with n i cke l  metal  

The conclusions concerning electrode development met 

b Hydrogen permeable palladium-silver metal f o i l  e lec t rodes  
can be used f o r  long periods of t h e  (over 7 months) without apparent 
deter iorat ion.  

bThFn f i lm s i l v e r  cathodes, at 6oo0c., are r e l a t i v e l y  stable 
and make excel lent  low-cost s t ruc tures  f o r  the  molten-carbonate type 
f u e l  c e l l .  

flooded in proportion t o  the current dra in  on the c e l l .  

l5UO hours without appreciable corrosion under the  proper conditions. 

.Thin f i lm  anode s t ruc tures  a r e  unstable, beooming r ap id ly  

.Sintered powder n icke l  anodes can be operated f o r  at  l e a s t  

PASTE ELFCTROLYTE DEXEIDPMENT 

I n  molten carbonate f u e l  c e l l s ,  the e l ec t ro ly t e  can exist: 1) as a f r e e  
l iqu id  between appropriate  e lectrode s t ruc tures ;  2) contained in a p r e s h t e r e d  
porous lner t ' rna t r ix j  3 )  b e d  with an i n e r t  powder t o  form a pasty s t ruc tu re  
above the  m e l t i n g  po in t  of t h e  carbonate mixture. 
problems associated w i t h  sea l ing ,  s t a b i l i t y ,  contacting, and f ab r i ca t ion  
techniques, the first two approaches h a v e  been abandoned Fn favor  of the paste  
e lec t ro ly te .  

by cold-pressing, hot-pressing, hot i n j ec t ion  or extrusion,  and other  spec ia l  
techniques, some o f  which have been described i n  some detai l  by other  workers 
(lo). 
explored, s ince these cons t i tu ted  the b u l k  of the IGT e f f o r t .  

lithium-potassium carbonates were used in a l l  experiments. 

Because D f  technological 

Paste e l ec t ro ly t e s  fo r  the  molten carbonate f u e l  c e l l s  can be prepared 

In  this paper, only var ia t ions  in cold-pressing techniques w i l l  be 

Binary and te rnary  eu tec t i c s  of sodium-lithium carbonates and sodium- 
The t e rnmy 
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e u t e c t i c  m e l t s  a t  about 100°C. below the  binary mixture, and thus allows the  
construct ion of lower temperature c e l l s .  Typical 1000-cycle c e l l  resis- 
t i v i t i e s  of 9 and 7 ohm-cm. were obtained f o r  50 weight ',% mixtures of terna- 
r y  carbonate i n  magnesium oxide at 500° and 6oo0c., respect ively.  Thir ty  
weight $ mixtures of binary carbonate e u t e c t i c  exhibited c e l l  r e s i t i v i t i e s  
in t h e  neighborhood of 11 ohm-cm. at 600OC.  For the most par t ,  c e l l  redst-  
ances were dependent only on e lec t ro ly te  mixtures  and not on t h e  electrode 
s t r u c t u r e  employed. 

The e l e c t r o l y t e  matr ix  employed was determined by t h e  anode s t ruc ture .  
I n  t h e  case of  t h e  hydrogen-permeable f o i l  anodes, 30 weight $ molten carbon- 
ate disks  were prepared with 70% coarsely grained magnesium oxide as i n e r t  
cons t i tuent .  T h i s  cold-pressed d isk  had a density of 70$,of t h e  t h e o r e t i c a l  
after f i r i n g .  
p o t e n t i a l ,  but under load they polarized more heavily than t h e  70% densi ty  
disk.  Thus, i n  t h e  case of  f o i l  anodes, where react ion products must escape 
through t h e  e l e c t r o l y t e  v i a  t h e  cathode, densif icat ion of e l e c t r o l y t e  would 
be detr imental .  

Denser e l e c t r o l y t e  compositions showed b e t t e r  open-circuit  

With t h e  s in te red  metal electrodes,  espec ia l ly  those consis t ing of  non- 
noble metals ,densif icat ion of the  e l e c t r o l y t e  is important and increases both 
lifetime and performance c h a r a c t e r i s t i c s  of t h e  f u e l  c e l l .  
ments with nickel  e lec t rodes  and 70% density paste  e l e c t r o l y t e  exhibi ted l i f e -  
times of t h e  order of  100 hours. By increasing the  density of p a s t e  e lectro-  
lyte t o  about 80% of t h e  t h e o r e t i c a l ,  IGT'has  achieved lifetimes of 1500 hours. 
Increasing e l e c t r o l y t e  dens i ty  a l s o  increases both the  load and open c i r c u i t  
p o t e n t i a l  by about 200 m i l l i v o l t s .  E lec t ro ly te  densif icat ion can be achieved 
by repeated crushing and gr inding procedures i f  care  is taken t o  avoid metal l ic  
contamination. Also, it is advantageous t o  increase t h e  t o t a l  carbonate con- 
t e n t  o f  t h e  m i x t u r e  by t h e  use of small grained (less than 1 micron) mawesi- 
um oxide, which has a g r e a t e r  m e l t  r e ten t ion  capacity. 

I n i t i a l  experl- 

Recent experiments, in which cold-pressed and f i r e d  disks  a re  heated t o  
within f i v e  degrees of t h e  melting point of t h e  carbonate eu tec t ic  and then 
hot-pressed at  moderate pressures ,  ind ica te  t h a t  disks with 96% of t h e  theo- 
r e t i c a l  densi ty  can be prepared. 

The conclusions concerning pas te  e lec t ro ly tes  are: 

b High-density e l e c t r o l y t e  pastes are detrimental  t o  t h e  
performance of fuel c e l l s  using hydrogen-permeable f o i l  anodes. 

b I n  al l  other  cases  high-density pastes  are e s s e n t i a l  f o r  
achieving reasonable c e l l  l i fe t imes .  

b Cold-pressed d isks  can achieve a m a x i m u m  densi ty  of about 
8% by r e p e t i t i v e  crushing and grinding techniques. 

b Hot-pressing previously cold-pressed disks  a t  a few 
degrees below the melting poin t  causes s ign i f icant  dens i f ica t ion  t o  
take  place.  

NATURAZ, GAS REFORMING 

Four modes of operat ion are t h e o r e t i c a l l y  possible  f o r  n a t u r a l  gas u t i -  
l i z a t i o n  i n  a molten carbonate f u e l  c e l l  system: 

1) Direct electrochemical 'oxidation of methane. 
2)  In  s i tu  reforming of methane and steam on t h e  anode, and 

electrochemical oxidation of t h e  carbon monoxide a d  hydrogen thus 
formed. 

3 )  In  s i t u  c a t a l y t i c  reforming of methane and stem in t h e  anode 
chamber and electrochemical oxidat ion of t h e  carbon monoxide and hydrogen 
thus  formed. 
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4) External c a t a l y t i c  reforming of methane and steam, followed 
by electrochemical oxidation of hydrogen o r  hydrogen-caxbon monoxide 
mixtures i n  the f u e l  c e l l .  

Scheme 1 has been found unacceptable because of t h e  electrochemical 
iner tness  of methane even a t  r e l a t i v e l y  high temperatures and t h e  occurrence 
of Carbon deposition when methane alone is present at these temperatures. 

ing  (75OOC.) i s  higher than t h a t  needed f o r  electrochemical oxidation of 
hydrogen. This places an undesirable high operat ional  temperature handicap 
on t h e  f u e l  c e l l .  Moreover, t h e  presence of excess steam reduces t h e  elec- 
t rode performance (6) .  Final ly , i t  i s  very d i f f i c u l t  t o  design an electrode 
which is ef fec t ive  both as an electrochemical element and as a reforming 
ca ta lys t .  

drawbacks as Scheme 2, except t h a t  t h e  electrode would not be required t o  
function both electrochemically and as a reforming ca ta lys t .  

Scheme 4 has been adopted by IGT as t h e  most feas ib le ,  s ince  it permits 
separate optimization of f u e l  c e l l  and reformer u n i t s .  It permits accurate 
control  o f  the composition of the input  gas t o  t h e  fuel c e l l  and allows t h e  
c e l l  t o  be ogerated e f fec t ive ly  at s u b s t a n t i a l l y  lower temperatures (between 
500' and 600 C.), 
electrode s t a b i l i t y  and t h e  l i fe t imes  of t h e  materials of construction. 

The drawback of  separate  fuel c e l l  and reformer u n i t s  i s  a reduction of 
the  overa l l  system eff ic iency i n  t h e  case where t h e  f u e l  c e l l  is operated at 
a lower temperature than the  reformer. Theoretically,  t h i s  reduction can be 
shown t o  be about 10% f o r  a reformer operat ing a t  750'C. and a fuel c e l l  
operating at 500%. 
arises from the unavai lab i l i ty  of t h e  low-quality w a s t e  heat of the fuel c e l l  
f o r  supply of the heat of react ion f o r  t h e  reforming operation. 
prac t ice  o ther  losses  might be incurred when two u n i t s  are used because of t h e  
ineff ic iency of the  heat t r a n s f e r  processes.  However, s ince  t h e  10% reduction 
figure quoted above i s  based on t h e  comparison of maximum t h e o r e t i c a l  e f f i -  
ciencies f o r  the two systems and s ince t h e r e  is a l a r g e  amount of unused 
low-quality heat ( 50OoC.  ) i n  the  dual-temperature model, it is more l i k e l y  
t h a t a n e f f i c i e n c y  c loser  t o  t h e  t h e o r e t i c a l  maximum can be achieved with this 
model. 

mixture more than compensate f o r  t h e  engineering and t h e o r e t i c a l  losses  
resu l t ing  from the  dual system mode of operation. 
i s  shown between the  performances of a f u e l  c e l l  at 500'C.~supplied with 
ex terna l ly  reformed na tura l  gas, and of a f u e l  c e l l  a t  750'C. with t h e  equiv- 
a len t  methane-to-water r a t i o  f o r  i n  s i t u  reforming. 
figure is the experimentally observed r a t i o  of e f f i c i e n c i e s  of t h e  two systems. 
This r a t i o  was computed from t h e  products of t h e  experimental Faradaic 
e f f ic iency  and voltage eff ic iency of t h e  two c e l l s .  
not considered i n  this figure. 
ing,performance in terms of e f f ic iency  is almost 2.5 times grea te r  a t  
p r a c t i c a l  current densi t ies .  

Reformer design for  natural gas is  w e l l  known,and many excel lent  reform- 
ing ca ta lys t s  are commercially avai lable .  
t h e  corresponding reformer u n i t s  are only a small f rac t ion  of  f u e l  c e l l  hard- 
w a r e  costs.  The incorporation of t h e  reformer i n t o  t h e  n a t u r a l  gas f u e l  c e l l  
system i s  readi ly  achieved. 

molten carbonate f u e l  c e l l s  seems j u s t i f i e d  on t h e  b a s i s  of t h e  improved 
experimental performance of t h i s  system over i n  s i t u  reforming, as w e l l  as 
t h e  more moderate operating temperatures it imposes on t h e  f u e l  c e l l .  

Scheme 2 is  undesirable because t h e  temperature required f o r  t h e  reform- 

Scheme 3 is  r e l a t i v e l y  unexplored but would be characterized by the  same 

The lower operating temperatures f o r  t h e  fuel c e l l  enhance 

The loss i n  e f f ic iency  f o r  t h e  dual temperature system 

I n  ac tua l  

The higher voltage e f f ic ienc ies  experimentally achieved with t h e  reformed 

I n  Figure 3 a comparison 

A l s o  shown i n  this 

Thermal ineff ic iency i s  
It i s  s i g n i f i c a n t  that with ex terna l  reform- 

The cos ts  o f  these c a t a l y s t s  and 

It may be concluded that the  use of ex terna l  reforming with na tura l  gas 
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BAT'IERY DESIGN AND SCALE" 

The progress made i n  o ther  areas of t h e  molten carbonate fuel c e l l  
development indicated t h a t  some a t ten t ion  should be given t o  t h e  problems 
associated with ba t te ry  design and scaleup. The first s tep  i n  t h e  process 
was the  assembl of a b a t t e r y  consis t ing of several  small laboratory c e l l s  h 
s e r i e s  (Figure 31). No d i f f i c u l t i e s  were encountered i n  t h i s  r e l a t i v e l y  simple 
t rans i t ion ,  and next t h e  more formidable problem of scaleup w a s  attacked. The 
long-l i fe  performance of t h e  s i l v e r  film cathode and palladium-silver foil 
anode indicated t h a t  these  p a r t i c u l a r  compounds were the  best adapted f o r  
scaleup techniques. 
s ize  of t h e  e l e c t r o l y t e  d i s k s  from the  3-inch diameter laboratory d isks  t o  
the  6-inch square dimensions chosen f o r  t h e  ba t te ry  development program. 
order t o  achieve t h e  same e l e c t r o l y t e  propert ies  developed with t h e  smaller 
c e l l s  a one million-pound press  was required f o r  t h e  pas te  e l e c t r o l y t e  fabr i -  
cation. Special  d i e  f ix tures  were designed,and t h e  la rger  e l e c t r o l y t e  bodies 
were fabricated without d i f f i c u l t y .  

The g r e a t e s t  problems were expected with Increasing the 

I n  

Components f o r  the  new ba t te ry  are shown i n  Figure 5, and a ten-ce l l  
bat tery buil t  from t h e  components i s  shmn i n  Figure 6. 
bled at room temperature and moderately t ightened. 
600°C.,and t h e  final s e a l i n g  i s  accomplished when t h e  paste  e l e c t r o l y t e  is i n  
a semisolid s t a t e .  The b a t t e r y  can now be thermally cycled between ambient 
and operating temperatures without damage or  fur ther  adjustment. 
t i g h t  assembly has not  yet  been achieved, but this represents only a slight 
loss i n  f u e l  efficiency. Complete sealing is  ant ic ipated in f u t u r e  designs. 

The ba t te ry  is assem- 
It is then heated t o  

A 100% leak- 

As seen in Figure 5 ,  the cathode compartment is open t o  t h e  atmosphere. 
This design feature  is essential f o r  any p r a c t i c a l  molten carbonate fuel c e l l  
system. The mode of  operat ion of t h e  b a t t e r y  is a d i rec t  carryover from t h e  
laboratory models and i s  shown schematically in Figure 7. A port ion of t h e  
Incoming methane i s  burned d i r e c t l y  i n  a burner underneath t h e  f u e l  c e l l  
battery.  Another port ion of  t h e  methane i s  passed through ac t iva ted  carbon 
t o  remove su l fur  compounds and, a f t e r  steam addition, through t h e  reformer 
containing commercial n i c k e l  ca ta lys t .  

The hot f lue  gas, containing excess air, carbon dioxide and water, rises 
by natura l  convection;in passing by the  reformer, t h e  f l u e  gas drops 
temperature t o  sustain t h e  endothermic reforming reaction. The f l u e  gas then 
en ters  the  open cathode chambers, rises through t h e  f i e 1  c e l l ,  and supplies 
the  oxygen and carbon dioxide needed t o  maintain t h e  cathodic react ion.  The 
-.-t;ter -;zpx i;, t h ~  fl-c gzz !IZZ 22 -.'verse effect nn the piel cell reactton. 
To conserve fuel  and carbon dioxide, the spent anode gases should be recycled 
t o  t h e  burner. 

in 

Battery performance is shown i n  Figure 8. Faradaic e f f ic ienc ies  as high 
as 40% have been achieved i n  this apparatus although complete system e f f i c i e n -  
c ies ,  as m i g h t  be expected i n  such a small bat tery,are  very low. 

Some conclusions a r r i v e d  at  in bat te ry  design are: 

b Operation of a mul t ip le -ce l l  ba t te ry  molten carbonate 
f u e l  c e l l  has been demonstrated. 

b A mode of  operat ion comprising a gas burner-reformer-open 
cathode f u e l  c e l l  has been defined. 

ECONOMIC EVALUATION 

I n  order  to  evaluate  t h e  economics of  a fuel c e l l  system both its appl i -  
cat ion and design must be considered. VonFredersdorff ( 1 2 )  has outlined t h e  
economics of the domestic f u e l  c e l l  appl icat ion i n  considerable detail. 
t h i s  sect ion a br ie f  descr ipt ion of t h e  economics of f u e l  c e l l  hardware as a 
function of i t s  operating c h a r a c t e r i s t i c s  w i l l  be presented. 
c e l l  hardware depends on t h e  cost of materials 

In  

and cost  of manufacturing. 
The cost  of f u e l  
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Since manufacturing cos ts  a r e  d i f f i c u l t  t o  estimate at this e a r l y  s tage of 
developent ,  only t h e  mater ia l  costs  for the  most recent  IGT design will be 
evaluated. 
w i t h  two significant changes. Nickel e lectrodes are used i n  p lace  of t h e  
expensive silver-palladium f o i l  and a para l le l ,  dual element, geometry is  
chosen in place of t h e  bipolar  flange. 
eliminate the  flange completely from the  fuel c e l l  design, using t h e  electrode 
itself as a s t r u c t u r a l  element. 

bat tery are given. 
10s of t h e  t o t a l  t o  cover miscellaneous materials, were used t o  compute t h e  
curves in figure 9. I n  t h i s  f igure ba t te ry  material c o s t s  are p l o t t e d  as a 
function of current densi ty  at constant voltage f o r  various s ing le-ce l l  
potent ia ls .  The dashed l i n e  represents the  I G T  fuel c e l l  performance curve. 
Since f u l l y  manufactured b a t t e r i e s  at $300 per kilowatt  are reasonable f o r  
domestic f u e l  c e l l  applications,  an increase in c e l l  performance by a f a c t o r  
of about two i s  necessary. 

charac te r i s t ics  of t h e  molten carbonate f u e l  c e l l s  are required t o  bring t h e m  
within the  economic framework of domestic applications.  

The design model is s imi la r  t o  t h a t  described in  t h e  last section, 

The e f f e c t  o f  this last change is t o  

In Table 11, t h e  itemized cost of the  various materials used in t h e  IGT 
These costs,  plus  t h e  costs  o f  fittings and an addi t ional  

It may be concluded that only moderate improvements i n  voltage-current 
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Table I.-PERFORMANCE O F  POROUS NOBLE MFllAL ANODE FILMS 

Performance Decay, * 
Anode Preparat ion hr. C e l l  

Material Method 90% 75% Lifetime, hr. 

P t  Paint  15 
Ag-Pt Paint  4 
Pt  Paint  40 
Pd Paint  26 
Pd Paint  17 
Pd P a i n t  15 
Pd Vacuum 100 

Deposited 

85 108 
17 4 1  
57 66 
60 138 
42 95 
45 72 
Not 293 

DstermSned 

* Time t o  reach 90% and 75% of initial performance 

Table II.-FUEL CELL HARUWARF: COSTS 

cost Material 

Electrolyte  pas te  - 100 mil t h i ck  $ 0.37/sq. f t .  

O.l4/sq. ft.  Nickel anode - 25 mil t h i ck  
S i lver  cathode - 0.4 mil t h i ck  0.43/sq. f t .  
Carbon s t e e l  anode curren t  0.16/sq. ft. 

S ta in less  S t e e l  cathode current  ' 1.18/sq. ft. 

Sta in less  steel frame - 125 mil thick 

- 
( MgO-Na~C03-&C0~-Li2COa) 

co l lec tor  - 18 GA. 

col lec tor  - 18 GA. 

0.14/ft. 
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F i g ,  3 -COMPARISON S E T W E E N  EXTERNAL AND 
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M O L T E N  GARBONATE F U E L  C E L L  FOR 

CONSTANT BATTERY VOLTAGE 
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Fig. 6.-IGT HIGH-TEMPERATURE FUEL CELL BATTERY 
AND REFORMER 
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I. INTRODUCTION 

'.. 

I 

Among the desired characteristics of both fuel and oxidant for 
fuel cells are storability and high enerqy content per unit weight. 
The weight must include that of the container. Therefore, the best 
high-energy fuel and oxidant -- hydrogen and oxygen -- lose much of 
their advantaqe in transportable cells, especially if oxygen cannot be 
taken directly from the air. One of the most easily stored fuels is 
methanol, and recently the authors developed high-current-density 
electrodes for the electrochemical oxidation of methanol in alkaline 
solution (1). Since methanol is soluble in the electrolyte, no multi- 
ple porosity is required in the electrode and. the active layer may be 
only 0.01-0.02 cm thick. Thus, as far as fuel is concerned, com2act 
cells are feasible. Matching oxidant electrodes are, however, needed. 

oxygen or air as the oxidant performs very poorly in the methanol- 
containing caustic since its waterproofing fails in the presence of 
methanol. 
then the weight of bottled axygen is a handicap; for instance, in the 
regular large-size oxygen cylinder, one gram equivalent (8  9) of oxy- 
gen requires an additional 80 g in the cylinder weight. 

many can be easily stored in solid, dissolved, or liquid form in light 
containers. Some also have higher oxidizing potentials. Oxidants 
supplied in dissolved form to the fuel-cell cathode should require 
only a thin porous layer of an electrocatalyst and no porous bulk 
electrode in addition to this layer. 
be possible if a sufficiently electrochemically active alkaline oxi- 
dant/electrode system were available. 

trodes were investigated as half-cells. Complete mathanol fuel cells 
were constructed with the most promising oxidant -- chlorite. 

The customary porous carbon electrode that is operated with 

In some applications, air may not be available at all and 

Even though all other oxidants have higher equivalent weights, 

Thus, compact fuel cells should 

To find an appropriate system, several oxidants and elec- 

11. SELECTION OF OXIDANTS: THEORETICAL 

Following requirements were formulated for the selection of 
soluble oxidants: 

I 

I 
P 
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high electrode potential to provide for high cell 
potential when coupled with the methanol electrode. 

low weight per ampere-hour 

storability in concentrated form 

freedom from obnoxious fumes 

solubility of reduction products 

lack of gas formation in reduction 

electrochemical reactivity 

low polarization. 

d 

The first six requirements can be checked by.using literature I 
data. 
the electrode is not a good electrocatalyst. Hence the reactivity and 
low polarization requirements need experimental study. 

The high electrode potential expected may not be realized when 

Table $ lists soluble oxidants with high Gibbs electrode 
potentials, VO. The weights are calculated on the basis of sodium 
salts of the corresponding anions, except for HO2- in which H O2 is 
the oxidant. 
water is not included in the calculation. Data for oxygen, with the 
theoretical Vo for the four-electron process and f o r  the more realistic 
two-electron Berl's reaction, are also listed. For comparison, data 
are shown for Ago, the best solid oxidant used in commercial cells. 
Oxygen needs a container, and hence the weight per ampere-hour would 
actually be several times higher. Hypochlorite cannot be stored ex- 
cept in dilute form or as CaCl .(ClO) ; hence its weight index is much 
poorer than shown. Storage of hydrogen peroxide in concentrated form 
under normal conditions is undesirable. With the usual easily storable 
30% peroxide solution, the weight index is much poorer. 

Since water is generated at the anode, the weiggt of 

Table I indicates cnat seiection of soiubie oxidants of dn 
inorganic nature ,is rather limited. The open-circuit potential for 
our methanol electrodes in 5 N KOH is -0.79 volt. Therefore, iodate 
with VO = +0.26 is the last that may be considered in the descending 
potential series if the complete cell must have a voltage of one volt 
or higher . 
111. SELECTION OF OXIDANTS: EXPERIMENTAL 

Although the theoretical electrode potentials for a given 
oxidant can be high, active low-polarization electrodes for the corres- 
ponding reactions may not exist. Soluble oxidants of Table I were 
studied experimentally in half-cell arrangements. Conventional half- 
cell polarization techniques, similar to those which have been re- 
ported previously, were used. 

by observing current densities that could be obtained at electroni- 
cally controlled, preselected, polarized potentials. 

Polarization characteristics were measured potentiostatically 

Sign convention recommended by Pitzer and Brewer in 1961 edition of 
Lewis and Randall llThermodynamics 
J. Electrochem. SOC. 102, 288c (14557. . 356: cf. de Bethune, 

,' 
J 
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Table I 

SOLUBLE OXIDANTS FOR FUEL-CELL CATHODE IN ALKALINE SOLUTION 
Calculated from Latimer's 

"Oxidation States of Elements, Prentice Hall, 1952 

Reaction 
C10- + H20 + 2e 
HO - + H20 + 2e + 30H- 

C1- + 2OH- 
2 

C102- + 2H20 + 4e + C1- + 40H' 
C103,- + 3H20 + 6e + C1- + 60H- 

Br03- + 3H20 + 6e + Br' + 60H- 
C104- + 4H20 + 8e + C1' + 80H- 
IO3- + 3H20 + 6e 
O2 + 2H20 + 4e --t 
O2 + H20 + 2e + OH- + H02- 

+ I- + 60H- 

OH- 

+ O2 2H02- + 20H- 

Ago + H20 + 2e + Ag + 20H- 

vo 9 
Standard 
Electrode 
Potential 
Vs S.H.E. 
0.89 
0.88 

0.77 
0.62 

0.61 
0.55 
0.26 

0.4 

-0.08 

0.45 

Weiqht Relations 
amp-hr/lb gr/ amp-hr 

325 1.4 
7 00 0.65 
210 2.15 f o r  

525 0.86 
67 0 0.67 

470 0.98 
7 80 0.59 
3 60 1.26 

30% soln. 

1500 0.3 

1500 0.3 

2 00 2.34 

Electrodes included carbon and flame-sprayed thin layers of Raney 
nickel with or without further platinizing, flame sprayed Raney nickel- 
silver, and silver. The aluminum-rich phase of alloys was extracted by 
electrochemical leaching. The platinized Raney nickel corresponded to 
the high-perf ormance methanol electrodes (1 1. The bases for the sprayed 
layers were either nickel sheets or porous sintered-nickel powder 
plates. Representative results are shown in Table 11. None of the 
oxidants reached the theoretical electrode potentials. Only chlorite 
and hydrogen peroxide supplied practical current densities at accept- 
able polarization. 
this chemical was selected for further study. 

EV. EXPLORATION OF CHLORITE ELECTRODES 

Because the chlorite is easily stored and handled, 

Open-circuit potentials and polarization characteristics of 
flame-sprayed and other electrodes were measured in alkaline chlorite 
solutions. 
studied at the most promising electrodes, flame-sprayed silver,and flame- 
sprayed Raney nickel-silver. Representative data are summarized in 
Table I1 and Figure 1. 

The effects of chlorite concentration and temperature were 

The highest values of the open-circuit potential of the 
&lorite electrode were +0.27 to +0.30 volt much lower than the theore- 
tical value of +0.77 (Table I). The theoreha1 value for  the Ag20/Ag . -- 
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hence, it i 
mechanism involves chemical oxidation of si 

likely that the reaction 
~. ~~~ .. ~ ~ Fer to Ag20.by chlorite and 
electrochemical reduction of Ag 0. In anodic polarizatron of the Raney 
nickel-silver electrode in chlogite solution, heavy currents were sccepted 
with low polarization, apparently with formation of silver oxide. When 
current was then reversed to begin reduction, approximately equivalent 
high currents at low polarization could be drawn for a limited time. At 
continued cathodic polarization, the curves returned to the normal shape 
of Figure 1. This behavior indirectly supports the AGZO/Ag mechanism of 
the alkaline chlorite electrode. 

The data in Table 111 show that the flame-sprayed silver and 
Raney nickel-silver gave comparable results. However, the silver elec- 
trode appeared to be susceptible to poisoning. 
fell after a period of time and could only be restored by electrolytic 
evolution of hydrogen from the surface. The Raney nickel-silver elec- 
trodes were not affected in this manner and were,therefore,chosen for 
the methanol-chlorite full-cell tests. 

The performance often 

Since chloride is the end product of chlorite reduction, the 
effect of this material on the electrode operation was studied- An 
electrolyte containin- 10% sodium chlorite and 2 W  sodium chloride w a s  
tested and at 55OC showed only a slight decrease in performance due to 
the chloride. However, at 23OC, the solubility limit was exceeded. 
Some precipitate was formed, and a severe (75%) decrease in performance 
was noted. 

Addition of small amounts of methanol to a chlorite half-cell 
did not decrease its performance. Chlorite reduced the performance of 
a methanol half-cell in a manner similar to thst previously noted for 
chloride (1). It is probable that the chlorite is immediately reduced 
to chloride by the methanol and then acts as such. 

V. EXPLORATION OF METHANOL-CHLORITE FUEL CELL 

A. Experimental Work 

Full-cell tests were conducted with the following conditions: 

Fuel : 160 g methanol/lit?r 
270 g KOH/liter. 

Fuel electrode : Flame-sprayed Raney nickel, 
platinized 

Oxidant : 370 g NaC102/liter 
270 g KOH/liter 

Oxidant electrode: Flame-sprayed Raney nickel-silver 

Temperature I 55oc 

The fuel and oxidant compartments were 3 mm thick and were 
separated by a dialysis membrane (11-30, Nalco Chemical Company, Chicaqo). 
The fuel and oxidant were circulated through the cell and were heated 
externally. 

The results of a full-cell test are shown in Figure 2. For 
comparison, the predicted performance based on the combined best methanol 
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and chlor te half-cell data 1 s  shown. The lower performance of the 
full cell is probably due to the IR drop in the electrolyte an5 mem- 
brane and possible variations in electrodes. The cell output was 
1?4 ma/sq cm at 0.6 volt. 

The efficiency of methanol utilization in this cell was 
studied in lonq-term tests. It was found that the number of electrons 
obtained per methanol molecule approached four at high current densities 
and fell as current density lowered. This drop is caused by an approxi- 
mately constant loss of methanol by chemical reaction with the chlorite 
as a result of diffusion of these across the membrane. At lower cur- 
rent densities this loss became an appreciable part of the total methanol 
consumption and thus led to a lowered current efficiency for both chlor- 
ite and methanol. 

B. Weisht Projections 

The possible utility of the methanol-chlorite cell can be seen 
from Table IV, in which the output of several types of cells is given in 
terms of watt-hour/lb. 
weight of the fuel and contamers only. 
is a limitinc; figure approached for long-term use in which the weiqht of 
the cell itself becomes small compared with that of the reactants. For 
short-term, high current-drain applications, the conventional cells 
occupy a more favorable position than indicated by the table. 

The fuel-cell performance figures are based on the 
Therefore, the performance figure 

Table IV 

ENERGY-TO-WEIGHT PROJECTIONS 

Conventional Cells Watt -hour/lb 

Lead Storage 
Nickel-Iron (Edison) Storage 
Silver-Zinc 

Fuel Cells (weiqht of reactants and containers only) 

Hydrogen Cell, Air Breathing 

Hydrogen Cell, Air Breathing 

Methanol Cell - Air Breathing* 
Methanol Cell - Pressurized Oxygen* 
Methanol -Chlorite* 

(hydrogen from sodium borohydride and 
sulfuric acid) 

(hydrogen in light-weight steel container) 

10-20. 
15 
65 

102 

70 

300 
70 
140 

* 
Based on 0.7 volt polarized working voltage, 70% current effici.ency 
with &electron methanol reaction and with methanol + NaOH as fuel 
mixture. 

h 
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It can be seen that the methanol cells show a potential advantage 
in the weight:energy ratio when compared with the conventional galvanic 
cells or the hydrogen fuel cells. This advantage exists despite the need 
for caustic as a fuel component in the alkaline methanol cells. Also 
compared with cylinder oxygen, chlorite is a more compact form of oxi- 
dant. The air-breathing cell is more advantageous on a weight basis but 
at present suffers from a lower current density. 

V I .  CONCLUSION 

Sodium chlorite has low equivalent weight and favorable electrode 
potential that combine to make it an interesting oxidant for f u e l  cell use. 
It gives useful current densities in alkaline solution at silver-contain- 
ing electrodes. A methanol-chlorite fuel cell can operate at a current 
density in excess of LOO ma/sq cm. 
and oxidant for such cell results in energy-to-weight ratios that are 
higher than for cells based on stored gaseous reactants. 

The easy storability of the fuel 

VI1 . ACKNOWLEDGMENT 

This work was conducted under a contract with the K W Battery 
Company and the Joslyn Manufacturing and Supply Company. Their permission 
to publi-sh this material is gratefully acknowledged. The authors wish 
to thank a. F. Child who performed much of the experimental work. 

LITERATURE CITED 

(1) Boles, D. B. and Dravnieks, A., "New High-Perf or;t.ance Methanol 
Fuel-Cell Electrodes, I' presented at the Boston meeting of the 
Electrochemical Society, Sept. 1962. At press. 



+0.30 W 
5 
4 +0.20- 
cn 

cn 
I- 

> 

F 
5 -0.20 
I- 
0 

> +O.lO- 

$ 0.00- 

1 -0.10- 

e -0.30 
I 1 I IO 100 1000 

CURRENT DENSITY, MA PER SQ CM 
FIGURE I 

EFFECT OF CONCENTRATION 

I I 

- 

TEMP.+ZSOC 
ELECTRODE- SILVER 

- OXIDANT - SODIUM 
CH LORlTE - 

J 

u 0.4 

J 
W 

TEMP.+ 55'C 

I 1 I I I I I l l  b 



232 

Anodic Oxidation of  Derivat ives  of  &thane, Ethane and 
Propane i n  Aqueous Elec t ro ly tes  

H. Binder, 
A. Kohling, 

K. Richter, and 
G. Sandstede 

R. QUPP, 

B a t t e l l e - I n s t i t u t  e .V., F’rankfurt/I&in, W. Germany 

Abstract* 

The behavior of  twelve p a r t i a l l y  oxidized hydrocarbons of  t h e  p a r a f f i n  
series during anodic oxida t ion  w a s  s tud ied  a t  temperatures o f  250 C and 800 c using 
an immersed Raneyplatinum e l e c t r o d e  i n  5 N s u l f u r i c  ac id  and 5 N potassium hydroxide. 
Galvanostat ic  po ten t ia l -cur ren t  dens i ty  curves gave information on t h e  differences 
i n  r e a c t i v i t y  o f  the i n d i v i d u a l  substances; the  degree of  conversion was determined 
from potent iostat ic-coulometr ic  measurements. 

i 

With Raney platinum e lec t rodes  anodic oxidat ion of carboxylic ac ids  w a s  / 
observed only i n  s u l f u r i c  a c i d  a t  80° C t o  give carbon dioxide and water. 
s u l f u r i c  a c i d  a t  25’ C and wi th  potassium hydroxide e l e c t r o l y t e  p r a c t i c a l l y  no 
r e a c t i o n  w a s  observed. One except ion was formic a c i d  which i s  the  only carboxylic 
acid t h a t ,  as a reduction product  o f  carbon dioxide, s t i l l  contains a reac t ive  
hydrogen atom at tached t o  t h e  carbonyl-C atom. Even a t  room temperature, it is 
oxidized a t  a considerable rate both i n  s u l f u r i c  a c i d  and potassium hydroxide solut ion.  

With 

1’ 

k 
J 

At a temperature of 80’ C, t h e  polar iza t ion  involved i n  t h e  conversion o f  
a lcohols  i s  general ly  smaller i n  potassium so lu t ion  than i n  s u l f u r i c  acid.  With the 
except ion of  E t h a n o l ,  t h e  r e a c t i o n  i n  5 N potassium hydroxide proceeds up t o  t h e  
s t e p  of carboxylic ac id .  

I 
/’ 

_I----- bthnnnl c.nn -- b e  ~ y i s i o p ?  tc ~nrkh~ln ? i c y i $ p  in plkpllip_c 55 25 i r _  

/ ac ids .  Oxidation of e thanol  i n  s u l f u r i c  a c i d  leads t o  complete conversion t o  carbon 
dioxide; t h e  evaporation o f  acetaldehyde formed as an intermediate must be prevented. 

In  t h e  case of  isopropanol, t h e  reac t ion  proceeds only . to  acetone; t h i s  
i n  turn i s  near ly  inac t ive .  
a r e  observed both i n  a l k a l i e s  and i n  ac ids  even a t  80° C .  The oxidation of acetone 
probably only proceeds v i a  its condensation products. 

A t  reasonable p o t e n t i a l s  only small current  dens i t ies  

The polyvalent a lcohols  g lycol  and g lycero l  can be converted at  consider- 
able cur ren t  d e n s i t i e s  both i n  s u l f u r i c  a c i d  and potassium hydroxide solut ion even 
a t  room temperature. In a c i d  solut ions,  t h e  oxidation proceeds up t o  carbon dioxide. 

/’ 

* Complete manuscript not  received i n  t i m e  for inclusion i n  Division Prepr in ts .  
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MECHANISM OF ANODIC OXIDATION OF ORGANIC 
COMPOUNDS ON PLATINUM 

V .  S. Bagotzky 

I n s t i t u t e  f o r  Electrochemistry 
Academy of Sciences, USSR 

Abstract* 

The oxidation of organic compounds (a lcohols ,  aldehydes, formic acid,  
e t c .  ) on platinum e lec t rodes  is g r e a t l y  a f fec ted  by adsorpt ion phenomena. 
Adsorption of reac t ing  species  on the inhomogenous surface leads t o  a f r a c t i o n a l  
reac t ion  order, which i s  v a l i d  over a la rge  concentrat ion range. 
oxygpn-coverage of the surface lowers t h e  reac t ion- ra te  by an exponential l a w .  
Three a r r e s t s  on the oxygen p a r t  of the  charging curve on platinum correspond 
t o  three  regions of current  decrease on anodic cur ren t -poten t ia l  curves. 

Increasing 

Oxidation and reduction reac t ions  a r e  a l s o  a f f e c t e d  by adsorption of 
surface ac t ive  ions o r  molecules. I n  some cases t h i s  inf luence can be a t t r i b u t e d  
t o  blocking ac t ion  and t o  desorption of r e a c t i n g  spec ies  from the  surface.  

The experimental r e s u l t s  a r e  i n t e r p r e t e d  on the  bases  of a nonelectro- 
chemical rate-determining s t e p  - dehydrogenization with formation of adsorbed 
H-atoms or  oxidation by adsorbed OH-radicals. 

* Complete manuscript not  received i n  time f o r  inc lus ion  i n  the Divis ional  
Prepr in ts .  

i 
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The Oxidation of Olefins and Paraffins 
In Low Temperature Fuel Cells 

M. J. Sch la t t e r  

Cal i fornia  Research Corporation , Richmond, California 

We concluded t h a t  a low temperature hydrocarbon f u e l  c e l l  
might be f eas ib l e  when we found t h a t  current could be drawn from an 
ethylene o r  propane depolarized plat inized porous carbon electrode f o r  
a sustained period a t  80°C and t h a t  under these conditions t h e  hydro- 
carbon was completely oxidized.' Similar r e s u l t s  w i t h  these and some 
o the r  hydrocarbons have s ince been reported from o the r  l a b ~ r a t o r i e s ? ' ~  

porous carbon electrodes i n  aqueous su l fu r i c  acid e l e c t r o l y t e s  a r e  
discussed I n  th i s  paper. Results from ro ta t ing  d i s k  and small p l a t i -  
num f o i l  e lectrodes have been reported by other  members of our group.* 

Further s t u d i e s  of the behavior of hydrocarbons on plat inized 

We chose t o  use plat inized porous carbon electrodes f o r  
hydrocarbon product s tud ie s  i n  order t o  make enough product f o r  
quan t i t a t ive  determination. Porous carbon and graphi te  a re  e l e c t r i -  
c a l l y  conducting, r e s i s t a n t  t o  acidic  and basic e l ec t ro ly t e s ,  and a r e  
avai lable  i n  a va r i e ty  of po ros i t i e s  and surface areas .  Further  modi- 
f i c a t i o n  by chemical treatment is also possible.  

The use of porous electrodes f o r  electrochemical measure- 
ments and f o r  e l e c t r o c a t a l y s t  s tud ie s  does r e s u l t  i n  some prob:ems. 
These d i f f i c u l t i e s  a re  shared by those working wi th  "p rac t i ca l  f u e l  
c e l l  electrodes.  The theory of porous electrodes i s  inadequate a t  
present .  However, i t  is  receiving much at tent ion because i t  i s  prob- 
able  that. the  p - n c k j r g l  f n p l  cell P l e p t - T d e q  w i l l  he pnr~i.!q g t r i ~ ~ t i l r e s .  
T h i s  is necessary i f  l a rge  e l ec t roca ta lys t  surface areas  and high fue l  
c e l l  power dens i t i e s  a r e  t o  be at ta ined.  

Time-dependent polar izat ion leading t o  unstable current-  
po ten t i a l  behavior complicates the use of current-potent ia l  measure- 
ments i n  the evaluation of porous electrodes which are  depolarized 
w i t h  saturated hydrocarbons. These d i f f i c u l t i e s  can be avoided by 
using pseudo s teady-state  currents  a f t e r  s t e p  changes i n  electrode 
po ten t i a l .  T h i s  procedure gives current-potential  curves s imi l a r  t o  
those obtainable by potential-sweep methods with small e lectrodes and 
shows promise f o r  use i n  the detai led comparison of very d i f f e r e n t  
e lectrodes and systems. From these curves , large differences i n  
behavior of o l e f in s  and pa ra f f in s  can be seen. It Is c l e a r  t h a t  the 
unstable current-potent ia l  behavior w i t h  paraff ins  a t  high constant 
currents  i s  not due  t o  inadequate mass t r ans fe r  immediately adjacent 
t o  the electrode but  r a t h e r  t o  t h e  lower currents  t ha t  can be suppor- 
ted by pa ra f f in s  a s  the electrode po ten t i a l  is polarized above peak 
current  po ten t i a l s .  Electrode poisoning occurs i n  t h i s  po ten t i a l  
region w i t h  the formation of an oxide f i l m  on t h e  e lectrode.  T h i s  
could I n h i b i t  adsorption of the paraff ins  and reduce the number of 
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e f fec t ive  c a t a l y s t  s i t e s  for the paraff in  oxidation. The po ten t i a l  a t  
which th i s  e f f e c t  w i l l  dominate over the tendency for the current  t o  
increase w i t h  increasing potent ia l  d i f f e r s  w i t h  d i f f e r e n t  f u e l s  and 
probably depends on t h e i r  a b i l i t y  t o  i n h i b i t  formation of the  oxide 
film or t o  remove i t  as i t  I s  formed. With o l e f in s ,  the p o t e n t i a l  of 
peak current  is more pos i t i ve  than that  of an oxygen counterelectrode. 

much more sens i t i ve  t o  inh ib i t i ng  influences than e l ec t rodes  depolar- 
ized with more r eac t ive  fue l s .  Different types of i n h t b i t i o n  by a i r  
and oxygen and by extreme polar izat ion of a f u e l  c e l l  anode were 
observed and i n t e rp re t ed .  When carbon monoxide was in j ec t ed  i n t o  the 
feed stream t o  a propane o r  propylene depolarized electrode,  an 
Improvement of performance r e su l t ed ,  No e f f e c t  was evident when 
carbon dioxide was injected i n  t h i s  way. Preliminary experiments were 
made to  evaluate the p o s s i b i l i t y  of using i n h i b i t i o n  data i n  the study 
o f  porous electrode a c t i v i t y  and behavior. However, the f a c t o r s  
a f f ec t ing  the shape and s i z e  of these inh ib i t i on  peaks are complex; 
and more study w i l l  be required before they a r e  completely understood 
o r  before s i g n i f i c a n t  application of these techniques can be expected. 

Hydrocarbon depolarized electrodes were a l s o  found t o  be 

Apparatus and Methods 

1. Product Studies 

The apparatus used for our new hydrocarbon product s tud ie s  
is shown i n  Figure 1. It d i f f e r s  s l i g h t l y  from tha t  described bef0re.l  
Fr i t ted-glass  separators  fused  i n  place a re  used instead of ion 
exchange membranes t o  separate the three c e l l  compartments. A means 
o f  equalizing pressure i s  provided t o  minimize :low of e l e c t r o t y t e  
from one compartment t o  another. The Ascarite carbon dioxide 
absorption tube is  preceded by a condensate trap, Drieri te and 
Anhydrone, t o  remove sulfur ic l lacid spray and water. 
Dr i e r i t e  follow the Ascarite carbon dioxide" absorption tube to  
exclude moisture and atmospheric carbon dioxide. 

The apparatus was thoroughly flushed wi th  the  hydrocarbon 
used before weighing t h e  Ascarite tube at  the beginning of each 
experiment. A t  the end of an experiment, hydrocarbon flow was con- 
tinued u n t i l  a t  l e a s t  2 l i t e r s  of gas passed through the anode i n  
order t o  remove a l l  carbon dioxide product from the c e l l .  Additional 
f lushing for an equal period gave changes i n  the weight of the 
Ascarite tube of the order of  2 0.5 mg. 

Constant c e l l  currents were maintained by automatically 
varying the load resis tance as was previously described. 

Current and anode po ten t i a l  versus SCE a t  2 5 O C  were recorded 
on a cal ibrated dual-pen Varian recorder. The reference electrode was 
a Beckman saturated calomel electrode maintained a t  room temperature 
(25°C) and connected t o  a Luggin cap i l l a ry  through a long, small- 
diameter bridge f i l l e d  w i t h  t h e  fue l  c e l l  e l ec t ro ly t e .  The anode 
po ten t i a l  versus the saturated calomel electrode (SCE) was sensed by 
a Keithley Model 6 0 0 ~  electrometer with recorder output .  Potent ia ls  
i n  t h i s  paper a r e  reported v e r s u s  NHE w i t h  the s ign of the oxygen 
electrode pos i t i ve  r e l a t i v e  t o  t h e  hydrogen electrode.  

Ascarite and 
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2. Potential-Step Voltammetry 

voltammetry consisted of  a c e l l  l i k e  t h a t  used  f o r  the product s tudies  
but modified f o r  h a l f - c e l l  s t u d i e s  by subs t i t u t ing  a platinum gauze 
cathode for the oxygen electrode. Current through the c e l l  was provi- 
ded by a storage b a t t e r y  i n  s e r i e s  w i t h  var iable  r e s i s t o r s .  Anode 
p o t e n t i a l  was control led by manually adjust ing these r e s i s t o r s .  
Current and po ten t i a l  were sensed and simultaneously recorded a s  
previously described. 

Recently we have used one function o f  a v e r s a t i l e  two-stage 
constant  potential/constant current  d .c .  power source i n  place of the 
manually controlled system. The preregulator  uses a magnetic ampll- 
f i e r  and controlled r e c t i f i e r s .  The second regulator  s tage uses power 
t r a n s i s t o r s  with an adjustable  gain amplif ier  f o r  control .  

between the f u e l  c e l l  anode and a reference electrode i s  sensed by an 
electrometer amplif ier .  The output of t h i s  is  compared with an a d j u s -  
t a b l e  reference vol tage.  m e  difference i s  then used,  through an 
operat ional  amplif ier ,  t o  maintain the anode a t  constant po ten t i a l .  

i n  c e l l  current requires  time delay c i r c u i t s  t o  l i m i t  the r a t e  of 
change of the power supply output.  T h i s  i s  accomplished through v a r i -  
able capaci tor  feedback t o  the operational amplifier which controls  
the power t o  the  test c e l l .  

I n  i t s  simplest  form the apparatus used f o r  potent ia l -s tep 

I n  the constant potent ia l  mode, the po ten t i a l  difference 

Slow response of the  fue l  c e l l  anode po ten t i a l  w i t h  changes 

3 .  A i r  and Oxygen Inh ib i t i on  Experiments 

The apparatus used was similar to tha t  for po ten t i a l - s t ep  
voltammetry. Current was supplied t o  the c e l l  from a storage bat tery 
through variable r e s i s t o r s .  Control c i r c u i t s  provlded for automatic 
constant current operation. 

i nh ib i t i on  data were obi;aineJ b y  irijei: 'iiiig 2 .?;G-iiil goi:ti.oiis 
of a i r ,  oxygen, and o t h e r  gases i n t o  the f u e l  gas stream before it 
passed through a p l a t in i zed  porous carbon anode. This was done by 
means of a Wilkins XA-202 gas sampling valve.* Propane and propylene 
were each used as f u e l s .  Flow r a t e s  were measured on the e x i t  gas 
from the  anode compartment using a soap f i l m  flowmeter. 

- 

4 .  Electrodes 

The electrodes used were similar i n  form t o  those previously 
described .l Each consists o f  a porous carbon cyl inder  2-1/2 inches 
long, 3/4-inch OD, and l/;?-inch I D  which i s  f i t t e d  t i g h t l y  to  a 1/2- 
inch OD impervious graphi te  tube. This tube  serves as e l e c t r i c a l  con- 
ductor  and gas conduit .  The lower end of  the cylinder i s  closed with 
a graphi te  plug, and the j o i n t s  are  sealed w i t h  an Epon resin.** 

* 

+Y 

Wilkins  Instrument and Research, Inc., 

Epon 828-2, Shel l  Chemical Company. 

P.O. Box 313, Walnut Creek, Cal i fornia .  
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As used i n  the experiments described here, the electrodes 
were sometimes new; i n  other  cases they had been used extensively w i t h  
various fue l s  and e l ec t ro ly t e s  a t  d i f f e r e n t  conditions.  

methods: 
The platinum was applied t o  the electrode by two general 

Method A 

The electrode was electroplated f o r  20 minutes a t  ambient tempera- 
' t u re  and a t  a current  densi ty  of 40 ma/cm2 i n  a 1.25- o r  1.5-inch 

diameter graphite cup which served as the counter e lectrode.  The 
p l a t i n g  solut ion was drawn i n t o  and forced out of t h e  electrode 
every 2 minutes during the p l a t i n g  period. Sometimes t h i s  proce- 
d u r e  was repeated. Different p l a t i n g  so lu t ions  were used as  
shown i n  Table I. 

More act ive electrodes were obtained by Method B: 

Method B 

The porous carbon electrode blank was impregnated w i t h  chloro- 
p l a t i n i c  acid solut ion containing 10 weight per  cent platinum. 
It was dried on a ro t a t ing  graphi te  mandrel i n  an a i r  oven a t  
140°C and was reduced f o r  3 hours i n  a stream of hydrogen a t  
400°C. It was then mounted and sealed.  

The preparation and geometric areas  of the electrodes a re  
summarized i n  T a b l e  I. 

New Product Studies 

\ 

i 

Product data  which we reported previously1 showed tha t  
ethylene and propane can be completely oxidized I n  f u e l  c e l l s  a t  80"c. 
New data  for propane reconfirm t h i s  resu l t ,  but data from n-butane 
suggest t h a t  incomplete oxidation of t h i s  hydrocarbon can occur under 
some conditions that  give complete oxidation w i t h  propane. 

carbon electrode (Electrode A, Table I) with s u l f u r i c  acid a t  80°C. 
I n  t h i s  s e r i e s ,  the c e l l  was operated a t  25.2 ma (0.84 ma/cm2).  
slow decrease i n  c e l l  voltage occurred w i t h  time. When the c e l l  vol- 
tage dropped close t o  the point  where the current  could no longer be 
maintained, a short  period a t  open c i r c u i t  res tored the  electrode 
a c t i v i t y  f o r  fu r the r  operation under load. I n i t i a l  anode po ten t i a l s  
f o r  propane and n-butane under load were of the order  of 0.45-0.50 
v o l t  (versus NHE) increasing w i t h  t i m e  t o  0.74-0.84 v o l t .  

lowed by three n-butane experiments and another propane experiment. 
The product r e s u l t s  a r e  summarized i n  Table 11. 

The "carbon dioxide" values f o r  n-butane a r e  6-8s above 
theory based on the ampere-hours produced during the experiments. 
This excess could come from d i r e c t  chemical oxidation of  n-butane by 
oxygen transported through t h e  e l e c t r o l y t e  from the cathode chamber o r  
from some electrooxldatlon of the electrode carbon. T h i s  would give 
more carbon dioxide pe r  coulomb than can be obtained from a hydro- 
carbon. However, similar oxygen t ransport  o r  carbon oxidation would 

The new r e s u l t s  were obtained using a p l a t in i zed  porous 

A 

The present s e r i e s  consisted of two propane experiments f o l -  
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be expected i n  the propane experiments which gave the theo re t i ca l  
amount of "carbon dioxide." P a r t i a l  oxidation products absorbed from 
the f u e l  c e l l  e x i t  a s  stream w i t h  the carbon dioxide could a l s o  
account f o r  a high 'carbon dioxide" value Calculations were made f o r  
Experiment No. 4 (Table 1111 which gave 106.2% of the t h e o r e t i c a l  
amount of "carbon dioxide.  Cases were considered where the p a r t i a l  
oxidation product was butanol, butanone, butyric acid,  o r  a c e t i c  ac id .  
Assuming complete recovery of the products, val;es of 9 t o  14 weight 
p e r  cent of p a r t i a l l y  oxidized n-butane i n  the 
uc t  were calculated.  A s  i t  I s  improbable t h a t  a l l  of the p a r t i a l l y  
oxidized materials reached and were retained i n  the Ascarite tube, 
even higher percentages of p a r t i a l l y  oxidized products a r e  possible .  

The Evaluation of Hydrocarbon 
Depolarized Electrodes 

nized porous carbon electrodes,  propane was chosen as a t e s t  mater ia l .  
With t h i s  hydrocarbon we had considerable d i f f i c u l t y  i n  using conven- 
t i o n a l  potential-current p l o t s  because of time-dependent po la r i za t ion .  

The nature of these d i f f i c u l t i e s  can be seen more c l e a r l y  
from curves showing the change i n  e lectrode po ten t i a l  w i t h  t i m e  a t  
constant current.  This is i l l u s t r a t e d  i n  Figure 2.  Here the ove r -a l l  
c e l l  voltage is plot ted aga ins t  time. Sequence numbers and current  
a r e  shown on each curve. Curves 1 and 2 were both recorded a t  10 ma 
current  and show the e f f e c t  of t h e  removal of act ive products from 
preelectrochemical r eac t ions .  Curve 6, a l so  a t  t h i s  curpent, may 
i l l u s t r a t e  fur ther  removal of ac t ive  materials o r  the formation of 
inh ib i tors  d u r i n g  t he  intermediate experiments. The r a p i d  decrease i n  
p o t e n t i a l  a t  the end of t he  100-ma curve is cha rac t e r i s t i c  of t i m e -  
p o t e n t i a l  curves a t  higher  currents  and would be accentuated a t  s t i l l  
higher currents.  

t i o n s  on time-dependent po la r i za t ion  is seen i n  Figure 3 .  Here an 
attempt to  remove impur i t i e s  and intermediates from an electrode was 
made by use of a r e p e t i t i v e  t e s t  cycle.  The anode was caused t o  
cycle  from 0.44 t o  0.84 v o l t  under load wi th  r e tu rn  from 0.84 t o  0.44 
v o l t  a t  open c i r c u i t .  I n  the course of several  cycles,  i t  was 
expected tha t  impurit ies would be removed and reproducible cycles 
obtained. I n  p rac t i ce ,  va r i a t ions  i n  treatment of the electrode 
immediately before t e a t  caused more change i n  the first few cycles 
than l a t e r ;  b u t  a continuing decrease i n  polar izat ion time and 
increase i n  recovery t i m e  occurred as  each s e r i e s  progressed. P r e l i -  
minary t e s t s  were made i n  order  t o  s e l e c t  appropriate current  ranges 
f o r  each cycle t e s t  series. The curves In Figure 4 a r e  derived from 
these da t a .  The upper curve represents the  time i n  minutes f o r  the 
anode t o  polarize from 0.44 to  0.84 v o l t  plot ted against  t he  number 
of t e s t  cycles. The lower curve shows t h e  corresponding data for 
recovery times from 0.84 t o  0.44 v o l t .  

e lectrodes o r  f o r  i nves t iga t ing  the e f f e c t s  of pretreatments on the 
behavior of a p a r t i c u l a r  e lectrode.  

Pot en t la1  -S t ep Vo 1 t amme t r y  

carbon dioxide" prod- 

A s  pa r t  of a program t o  improve the performance of p l a t l -  

Another example of the e f f e c t  of preelectrochemical reac- 

Data l i k e  these were used by us in some cases f o r  comparing 

In  an e f f o r t  t o  s implify the in t e rp re t a t ionof  electrochemical 

/ 
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data from porous electrodes,  we attempted t o  e s t a b l i s h  steady-state 
conditions by prolonged operation of bubbling hydrocarbon depolarized 
electrodes a t  a series of fixed potent ia ls .  

If no change i n  the c a t a l y t i c  a c t i v i t y  of a f u e l  c e l l  anode 
occurs, it should be possible t o  e s t ab l i sh  a s teady-state  Current a t  
constant p o t e n t i a l  f o r  each s e t  of conditions. 
current  would be determined by the  c a t a l y t i c  a c t i v i t y  of the electrode 
surface and the steady s t a t e  concentrations of r eac t an t s  and products 
a t  the electrode surface.  

I n  th i s  s i t u a t i o n  

With our plat inized porous-carbon anodes depolarized with 
propane, t h i s  s teady s t a t e  is not reached i n  4 hours a t  80°C at. 0.74 
vo l t ;  though i n  many cases the current  was decreasing very slowly 
a t  t h i s  t i m e .  A curve obtained u s i n g  automatic p o t e n t i a l  control  i s  
shown i n  Figure 5. 

Many experiments were carried out  t o  determine the reprodu- 
c i b i l i t y  of constant potential-current data and to  provide a basis f o r  
s e l ec t ing  t e s t  sequences which would give sa t i s f ac to ry ,  comparable 
data i n  the l e a s t  time. These curves appear t o  cons i s t  of two sec- 
t ions.  In the first pa r t ,  the current i s  changing rapidly.  This 
sect ion of the curve appears t o  be affected considerably by recent 
electrode h i s to ry  and is  sometimes d i f f i c u l t  t o  reproduce. After a 
period which va r i e s  i n  length, depending on the recent  h i s to ry  of the 
electrode, a steady s t a t e  is  approached. With some f u e l s ,  such a s  
ethylene and propylene, the current w i l l  remain constant f o r  long 
periods; w i t h  o thers ,  such as propane, a gradual, slow decl ine in 
current  is  observed. With the electrodes l i s t e d  i n  Table I, 20 t o  60 
minutes was o rd ina r i ly  used a t  each controlled anode p o t e n t i a l .  

Fuel Cell  Oxidation of Propane, 
Isobutane, Propylene, Ethylene, 
and Hydrogen In 5 N H2S04 a t  80°C 

The anode current  dens i t i e s  corresponding t o  d i f f e r e n t  anode 
po ten t i a l s  were measured by a constant-potential  technique for propane, 
isobutane, and propylene. These data  a re  shown i n  Figure 6. The 
points  shown correspond t o  current  dens i t i e s  20 minutes after the 
indicated po ten t i a l  was established. A current-potent ia l  curve f o r  
hydrogen on t h i s  electrode is included f o r  reference.  

t e d  i n  Figure 7. These data were taken from constant-current experi- 
ments, b u t  i n  these cases the rates of polar izat ion w i t h  time were so 
slow tha t  the da t a  ac tua l ly  were obtained a t  near ly  constant poten- 
t i a l s .  The ethylene curve i s  s imi l a r  t o  the propylene curve b u t  i s  
displaced s l i g h t l y  toward more favorable lower anode po ten t i a l s .  

The shapes of the propane and propylene curves correspond 
fa i r ly  closely w i t h  potential-sweep data obtained using a platinum- 
f o i l  electrode and 2 N s u l f u r i c  acid e l e c t r o l y t e .  These data a re  
plot ted i n  Figure 8. 

From Figure 6 i t  is  seen that w i t h  t he  saturated hydro- 
carbons, propane and isobutane, the anode current  increases  t o  a maxi- 
mum between 0.6 t o  0.7 vo l t  and then decreases as the anode is  polar- 
ized f u r t h e r .  T h i s  type of behavior appears t o  be general  f o r  

Curves showing ethylene and propylene performances a r e  p lo t -  
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saturated hydrocarbons. It is a l s o  found with saturated hydrocarbons 
t h a t  a t  anode p o t e n t i a l s  above those f o r  m a x i m u m  current,  t h e  r a t e  of 
fecay of c u r r y t  Increases as the anode po ten t i a l  increases;  and 

s teady-state  currents  r equ i r e  more time t o  establish. Up t o  a point  
i t  i s  possible t o  draw more current  temporarily by decreasing the load 
r e s i s t ance  b u t  at the expense of rapidly increasing polar izat ion.  
Thus ,  w i t h  the constant-current methods ordiFari ly  used i n  determining 
electrode current-dependent polar lzat lon,  a l imiting" current is 
found beyond which unstable e lectrode behavior i s  observed. 

Olefins d i f f e r  from pa ra f f in s  i n  :heir currentnpotent ia l  
behavior (Figures 6, 7 ) .  They give higher steady-state currents  
a s  t h e  po ten t i a l  i s  increased beyond the region of i n t e r e s t  for 
hydrocarbon-oxygen f u e l  c e l l s .  Therefore, they do not give t h e  
" l i m i t i n g "  currents found with saturated hydrocarbons. 

A i r  and Oxygen Inh ib i t i on  of 
Hydrocarbon-Depolarized Electrodes 

t e d  by t h e i r  s u s c e p t i b i l i t y  t o  various inh ib i t i ng  influences.  Such 
e f f e c t s  were much l e s s  apparent with hydrogen, methanol, and other 
more a c t i v e  fue l s .  

one of p r a c t i c a l  i n t e r e s t  as there  is  always some p o s s i b i l i t y  t h a t  a i r  
o r  oxygen may contact a f u e l  c e l l  anode. 

en te r s  the feed l i n e  t o  a hydrocarbon f u e l  c e l l  anode. A severe 
po la r i za t ion  occurs r e s u l t i n g  i n  a very sharp increase i n  anode 
p o t e n t i a l .  T h i s  change i n  po ten t i a l  can amount t o  several  t en ths  of 
a v o l t ,  and the electrode p o t e n t i a l  can approach tha t  of  an oxygen 
cathode.* Recovery of the o r i g i n a l  anode p o t e n t i a l  may require  a 
minute o r  two o r  s eve ra l  minutes, depending on the hydrocarbon 
involved, the amount of air  admitted, and the temperature. 

with saturated hydrocarbons a r e  a l s o  probably due t o  a i r  inh ib i t i on .  
Examples wi th  propane are shovrn i n  Figure 9 .  
obtained on successive days w i t h  Electrode A ( T a b l e  I ) .  The exposure 
t o  a i r  diffeFed, and Curve 1 shows l e s s  i nh ib i t i on  than Curve  2 .  
o the r  cases induction'' per iods from a few minutes to several  hours 
have been observed. A l l  of the curves show a gradual i n i t i a l  drop i n  
p o t e n t i a l  followed by a rapid t r a n s i t i o n  t o  a po ten t i a l  minimum and 
then a gradual increase t o  a constant open-circuit po ten t i a l .  These 
open-circui t  po ten t i a l s ,  although reasonably constant i n  a p a r t i c u l a r  
experiment, do vary a l i t t l e  from one experiment t o  another. 

i n t o  the propane stream t o  bring the po ten t i a l  of the electrode above 
0.8 v o l t .  

* In our equipment, open-circuit  po ten t i a l s  of 1.058 to  1.081 v o l t  were 
observed with p l a t in i zed  porous carbon electrodes a t  80°C i n  5 N sul- 
f u r i c  acid e l e c t r o l y t e  w i t h  oxygen a t  1 atmosphere pressure.  
p o t e n t i a l s  are ,  of course,  obtained under load. 

The study of  hydrocarbon-depolarized electrodes i s  complica- 

Inhibi t ion by a i r  o r  oxygen i s  one such e f f e c t .  It I s  a l s o  

Typical i n h i b i t i o n  behavior is  observed when a l i t t l e  a i r  

Variable "induction" periods which of ten occur on s t a r t u p  

Curves 1 and 2 were 

In . 

Similar behavior is  noted when enough oxygen is in3ected 

Inhibi t ion curves obtained with Electrode F (Table I) 

Lower 
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r e s u l t i n g  from t h e  in j ec t ion  of d i f f e r e n t  amounts of oxygen a r e  shown 
i n  Figure 10. Here the  t r ans i t i ons  a r e  l e s s  abrupt than those In  
Figure 9 .  The electrodes are  qu i t e  d i f f e ren t ,  b u t  there  may also be 
some differences i n  t h e  nature of the inh ib i t i on .  

Polarization of a propane-depolarized plat inized porous 
carbon electrode under load u n t i l  po ten t i a l s  above approximately 0.94 
v o l t  a r e  a t ta ined also i n h i b i t s  the electrode. Operation a t  open c i r -  
c u i t  then gives a gradual  i n i t i a l  d r o p  i n  po ten t i a l  followed by a 
rapid t r a n s i t i o n  t o  open-circuit po ten t i a l .  The e f f e c t  of the elec- 
trode po ten t i a l  on the po ten t i a l  recovery curves a t  open c i r c u i t  f o r  
Electrode 0 (Table I) i s  shown i n  Figure 11. In these experiments the 
c e l l  was operated a t  100 ma current  u n t i l  the  anode polarized t o  the 
test po ten t i a l .  The current  was then manually a d j u s t e d  as  required t o  
hold t h i s  po ten t i a l  f o r  7 minutes. The c i r c u i t  was then opened, and 
the po ten t i a l  recovery curve was recorded. The s ing le  exception t o  
t h i s  i s  the highest  po ten t i a l  case.  Here the c i r c u i t  was opened as  
soon as the 1.14-volt p o t e n t i a l  was reached. 

A slight convex shape of the  recovery curve i s  seen a f t e r  
operation a t  po ten t i a l s  as low as  0.64 v o l t .  
however, are  not observed u n t i l  0.94 v o l t  o r  more i s  reached. 

The p o s s i b i l i t y  t h a t  hydrocarbon f u e l  c e l l  anodes can be 
inhibi ted by polar izat ion may be of p r a c t i c a l  concern. 
oxygen-propane f u e l  c e l l s ,  anode recovery a t  open c i r c u i t  i s  rap id  
even after b r i e f  sho r t  c i r c u i t  because the po ten t i a l  of the  anode 
cannot exceed the r e l a t i v e l y  low p o t e n t i a l  of the polarized oxygen 
counterelectrode. However, i f  oxygen electrode e f f l c i enc ie s  are 
improved, the i r  po ten t i a l s  could be high enough t o  subs t an t i a l ly  
i n h i b i t  some saturated hydrocarbon depolarized anodes. These poten- 
t i a l s  can a l so  be at ta ined i n  a multiple f u e l  c e l l  arrangement o r  i n  a 
f u e l  c e l l  where the anode half  c e l l  is  coupled w i t h  a halogen-. 
depolarized electrode o r  other  high p o t e n t i a l  system. 

The inhibi ted electrode is  restored by contact with propane 
i n  due time. 
by in j ec t ing  small amounts of more r eac t ive  f u e l s  i n t o  the propane 
stream. Reactivation of Electrode F (Table I) , which had been polar- 
ized under load, can be seen i n  Figure 12. Here hydrogen was used as 
the react ive f u e l .  

Pronounced e f f ec t s ,  

With present 

The a c t i v i t y  toward propane can a l so  be restored rapidly 

The experiments described i n  the  following sec t ion  were 
carr ied out t o  obtain more informatlon about the cha rac t e r i s t i c s  and 
the nature of the a i r  and oxygen inh ib i t i on .  In th i s  series some 
f a c t o r s  were maintained constant.  The same seasoned electrode 
(Electrode D, Table I) was used i n  a l l  experiments. 
volume injected i n t o  the hydrocarbon feed stream was 2.48 m l  i n  each 
case.  The e l e c t r o l y t e  was nominally 5 N s u l f u r i c  acid.  It was 
changed a t  in t e rva l s ,  b u t  some va r i a t ion  i n  concentration occurred 
because of evaporation of water by the  gases passing through the anode 
compartment. 

The a i r  o r  oxygen 

Variables s tudied a re  temperature ( 40-80°C) , hydrocarbon 
f u e l  (propane, propylene), hydrocarbon flow rate (5-15 ml/min) , oxygen 
content of the injected inh ib i t i ng  gas ( a i r ,  oxygen), anode current 
( including open-circuit s tud ie s ) ,  and anode p o t e n t i a l  a t  the time of 
i n j e c t i o n  of the  i nh ib i t i ng  gas .  
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Temperature Ef fec t s  

The e f f e c t  of temperature on the inh ib i t i on  of propane- 
depolarized anodes was studied by repeated in j ec t ions  of air  I n t o  the 
propane feed stream a t  40"C, 60"C, and 80°C a t  flow r a t e s  of 5 ,  10, 
and 15 ml/mln. Single representat ive curves are shown i n  Figure 13. 
These data show t h a t  the r a t e  of inh ib i t i on  is s o  rapid tha t  any 
e f f e c t s  of temperature are masked by other f ac to r s  which con t ro l  the 
shape of the ascending Inh ib i t i on  p a r t  of t h e  anode p o t e n t i a l  curve. 
The s l i g h t l y  slower increase of the 40°C curve suggests that l n h i b i -  
t i o n  may be more rapid a t  higher temperatures, b u t  t h i s  observed d l f -  
ference is within the  limits of experimental e r ro r .  The i n h i b i t i o n  
peak po ten t i a l s  are c lose  t o  the same value i n  these series. The 
height and shape of the peaks do d i f f e r ,  however, with d i f f e r e n t  elec- 
trodes and with changing a c t i v i t y  of the same electrode. 

1og;arithmically w i t h  half recovery a t  8.0, 1.72, and 0.82 minutes a t  
40 C, 60°c, and 80"C,  respect ively.  

After the i n i t i a l  break, the anode po ten t i a l  recovers 

a .  Effects of Hydrocarbon Flow 
Rate Through the Anode 

The e f f e c t s  of hydrocarbon flow r a t e  through the anode on 
the inh ib i t i on  and recovery of propane anode po ten t i a l  were investiga- 
ted a t  40°C, 60"C, and 80°C. The data f o r  the s e r i e s  a t  80°C a r e  
typ ica l  and  a r e  shown i n  Figure 14. Comparable oxygen i n h i b i t i o n  data  
f o r  propane a t  8 0 ° C  a r e  shown i n  Figure 15, while Figures 16 and 17 
give corresponding curves f o r  propylene. 

One e f f e c t  of the threefold increase i n  hydrocarbon flow 
r a t e s  i n  these experiments is t o  increase r a t e  of i n h i b i t i o n  of the 
electrode.  The time from the  beginning t o  maximum i n h i b i t i o n  i s  very 
l i t t l e  more than the time required t o  sweep the a i r  or'oxygen i n t o  the 
electrode. The amount of i nh ib i t i on  i n  a given s e r i e s  was not 
affected by flow r a t e  t o  any g rea t  extent .  This is seen i n  the r e l a -  
t i v e l y  constant height of the  peaks i n  the anode p o t e n t i a l  curves. 
The greatest va r i a t ions  occurred i n  the experiments a t  the lowest flow 
races .  'I'nese were the  flrst experiments I n  each s e r i e s ,  and they were 
o f t en  carried o u t  before  the propane open-circuit po ten t i a l  had s tabi l -  
ized.  The var ia t ions of t h i s  po ten t i a l  are  seen a t  the extreme le f t  
on the curves. The recovery times, as well as the r a t e s  of the 
i n i t i a l  i nh ib i t i on  of t he  anode, a r e  decreased by increasing the r a t e  
of hydrocarbon f l o w  through the anode. 
p lo t t ed  i n  Figure 18. These data  were taken from curves such as those 
shown i n  Figures 14 t o  17. A decrease i n  recovery t i m e  w i t h  increase 
in hydrocarbon rate is common t o  a l l  of the experiments. The e f f e c t  
i s  less wi th  propane than with propylene. Decreasing t h e  temperature 
of a propane-depolarized anode from 80°C t o  60°C slowed the recovery 
time a f t e r  a i r  poisoning. However, the two curves showing t h e  
recovery time, as a funct ion of propane flow r a t e s  through t h e  e lec-  
trode,  are p a r a l l e l  and show a comparatively small e f f e c t .  Recovery 
times after poisoning wi th  oxygen are  much more dependent on the pro- 
pane flow ra t e .  
5 t o  10 ml/min. 

Data i l l u s t r a t i n g  t h i s  are 

This is  most pronounced as the r a t e  is Increased from 

b. Effects of Load Current 
During Air Poisoning 

The e f f ec t s  of operating a propane anode under load when air 
is injected a re  seen i n  Figure 19. These curves show t h e  same rapid 
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response obtained a t  open c i r c u i t .  The higher the anode po ten t i a l  a t  
the t i m e  of a i r  in jec t ion ,  the higher the inh ib i t i on  peak. The incre-  
mental d i f fe rence  i n  peak height,  however, is not  l i n e a r l y  re la ted  to  
the d i f fe rence  i n  poten t ia l s  a t  the t i m e  of In jec t ion .  As the i n h i b i -  
t i on  peak po ten t i a l s  increase,  the recovery times a l s o  Increase.  

c .  Effects of Oxygen Compared With A i r  and 
the Amount of Oxygen i n  Anode Poisoning 

Direct comparisons of Figures 14 wfth 15 and 16 w i t h  17 show 
the e f f e c t s  of subs t i t u t ing  an equal volume of oxygen f o r  a i r  i n  
poisoning a p la t in ized  porous carbon anode which i s  depolarized w i t h  
propane o r  w i t h  propylene. I n  general ,  the peak he ights  i n  a given 
s e r i e s  are about the same. Even though peak heights are g r e a t e r  with 
oxygen, recovery times a r e  only s l i g h t l y  longer than f o r  air; and 
recovery time decreases more with increased hydrocarbon flow r a t e  than 
is  the case after a i r  inh ib i t ion .  The r e l a t i v e  increase  i n  the  inhi- 
b i t i on  peaks f o r  oxygen compared with a i r  i s  less for propylene than 
f o r  propane. 

show t h a t  the same peak heights a re  obtained If a i r  o r  an amount of 
oxygen equal t o  t h a t  contained i n  the a i r  i s  in jec ted .  The d i f fe rence  
i n  peak heights  wi th  a i r  and oxygen inhib i t ion  is due only t o  the 
f ivefold d i f fe rence  i n  the amount of oxygen in j ec t ed .  Data showing 
the e f f e c t s  of amount of oxygen and a i r  injected on the height of the 
inh ib i t i on  peaks are plot ted i n  Figure 20. The e f f e c t  on the shape 
of the  curves is seen i n  Figure 10. With t h i s  e lec t rode ,  when t h e  
i nh ib i t i on  peak po ten t i a l s  get above 0.54 vo l t ,  there  is a residual  
e f f e c t  from one oxygen in jec t ion  on the  next.  In a s e r i e s  of four  
in jec t ions  of 4 m l  of oxygen a t  20-minute in t e rva l s ,  the  peak poten- 
t i a l s  increased successively from 0.54 t o  0.60 vo l t ,  even though the 
electrode po ten t i a l  returned t o  the same value between in j ec t ions .  
The s c a t t e r  of poin ts  i n  Figure 20 i s  due l a rge ly  t o  such res idua l  
e f f e c t s  as  the poin ts  were obtained a t  d i f f e ren t  t i m e s  and i n  d i f f e r -  
en t  sequence over a period of 3 days. 

Other experiments car r ied  out with Electrode F (Table I) 

Discussion 

1. Products from Hydrocarbon Oxidation 

The new product work reported here confirms our e a r l i e r  
conclusion t h a t  propane can be completely oxidized i n  a f u e l  c e l l  a t  
80°c. The n-butane data  suggest, however, t h a t  hydrocarbon oxidation 
need not be complete and t ha t  higher molecular weight hydrocarbons may 
have a g rea t e r  tendency t o  give i so l a t ab le  intermediates .  We have 
a l so  observed odors t en ta t ive ly  ident i f ied  as  a c e t i c  acid and ace ta l -  
dehyde from some ethylene 
approximating those of the oxygen electrode.  Such odors have a l so  
been reported by Young and Rozelle.' 

f u e l  c e l l "  oxidations a t  po ten t i a l s  

Small amounts of s ide  products would not be detectable  by 
our ana ly t i ca l  method, b u t  we have ample electrochemical evidence for 
preelectrochemical react ions a t  open c i r c u i t  wi th  sa tura ted  hydro- 
carbons. We a l so  see e f f ec t s  of a b u i l d u p  of some i n h i b i t o r s  on our 
e lectrodes a f t e r  prolonged experiments with various hydrocarbons. 
These can o f t en  be la rge ly  removed by drawing hot d i s t i l l e d  water 
through the electrode,  cleaning the c e l l ,  and using f r e s h  e l ec t ro ly t e  

, '- 
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Oxidition, 
Volts 

It is apparent t h a t  more product work should be done, 

There appears t o  be a good chance of i so l a t ing  intermediates 
espec ia l ly  a t  constant  anode po ten t i a l s  and w i t h  some higher hydro- 
carbons. 

mechanisms. 

2. Oxygen Electrode Potent ia l s  

hydrocarbon fue l  c e l l  anode, oxygen and oxide films play an important 
p a r t  i n  i nh ib i t i on  behavior and i n  a f f ec t ing  hydrocarbon electrode per- 
formance a t  high polar iza t ions .  

which may provide c lues  t o  the hydrocarbon oxidation react ion 4 

Although i n  t h i s  paper we a r e  concerned mainly with the 

4 

/ The over-al l  oxygen h a l f - c e l l  reac t ion  i n  acid is: 

O2 + 4H+ + 4e -> 2&0; E" = 1.229 vol t .  

The equilibrium po ten t i a l  f o r  t h i s  reac t ion  can only be establ ished on 
platinum when extreme care  is  used i n  preparing t h e  electrode surface 
and i n  eliminating impur i t ies  from t h e  test Usually, mixed 
po ten t i a l s  are obtained which give open-circuit  voltages of t he  order 
of 1.06-1.09 v o l t s  versus NHE. 
c i r c u i t  po ten t i a l s  of 1.058-1.081 v o l t  a t  80°C i n  5 N s u l f u r i c  acid.  
A t  the present  s t a t e  of development of the  oxygen electrode in acid,  
therefore ,  there i s  an inherent  loss of a t  l e a s t  0.18 v o l t  before any 
cur ren t  i s  drawn. 

a t  0.85 vo l t  a t  100 ma/cm2 would be considered qui te  good. 
responds t o  a 35s loss i n  e f f ic iency  due t o  the oxygen electrode alone 
i n  a hydrocarbon-oxygen f u e l  c e l l .  

3. Hydrocarbon Electrode Potent ia l s  

the complete oxidat ion of some hydrocarbons w i t h  oxygen are shown i n  

I n  our equipment we have observed open- 

By present  standards an oxygen electrode tha t  w i l l  operate 
T h i s  cor- 

Reaction p o t e n t i a l s  calculated from f r e e  energy changes for 
the  following tab le .  Theoret ical  reversible ha l f -ce l l  po ten t i a l s  were I' 

calrulatec! frnm thPz-Enll_:??Z!LC r19t9. 

,Hydrocarbon Half-Cell Potent ia l*  , 

Volt Versus NHE 

Ethane 
Ethylene 
Propane 
Propylene 

vs NHE. 

Theoretical ,  
Revers i b  1 e 

Pot en t 1 a1 
f o r  Comm3lete 

// 

1 079 
1.136 
1.091 
1.127 

0.150 
0 - 093 
0.138 
0.102 

I 1 

ed O2 h a l f - c e l l  po ten t i a l  i n  acid,  1.229 v o l t s  

With ethane and propane the ac tua l  ha l f - ce l l  po ten t i a l  may 
go as  low as o r  even lower than the calculated v a l u e s .  The ac tua l  
processes occurring a t  the anode, however, a r e  d i f f e ren t  from those 
represented by the theo re t i ca l  revers ib le  hydrocarbon half  c e l l s .  

I 
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Thus, the  saturated hydrocarbon po ten t i a l s  a r e  probably determined 
l a rge ly  by the concentration of hydrogen atoms r e s u l t i n g  from dissoci-  
a t i v e  adsorption of the hydrocarbons on the e l e c t r o c a t a l y s t .  The 
open-circuit  po ten t i a l s  observed with the o l e f in s  a r e  always more posi- 
t i v e  than those from the paraff ins .  It may be t h a t  w i t h  o l e f in s  the  
adsorbed hydrogen atoms -react t o  hydrogenate unsaturated species,  
giving pa ra f f in s  which a re  then displaced by the more s t rongly adsorbed 
olef ins .2  During our a i r  and oxygen i n h i b i t i o n  experiments, when the  
feed t o  the electrode was changed from propane t o  propylene, the open- 
c i r c u i t  po ten t i a l  gradually changed from about 0.29 v o l t  t o  0.50-0.55 
v o l t .  
e lectrode again. 

is very d$fferent.  Even s t ruc tu res  as closely r e l a t ed  as ethane and 
propane can show large differences.  T h i s  i s  revealed c l e a r l y  by com- 
parison of p l o t s  of pseudo s teady-state  current  d e n s i t i e s  a t  constant 
p o t e n t i a l  versus po ten t i a l  (Figure 6 ) .  A t  low p o t e n t i a l s  the pa ra f f in s  
w i l l  oeten support higher currents  than the o l e f in s .  With the paraf- 
f i n s ,  
v o l t .  T h i s  is  well below the p o t e n t i a l  of an oxygen f u e l  c e l l  cathode. 
With o l e f in s ,  the current  r i s e s  r ap id ly  w i t h  p o t e n t i a l  beyond the f u e l  
c e l l  range. These differences are  probably due t o  differences i n  the 
r e l a t i v e  r a t e s  of react ions of pa ra f f in s  and o l e f i n s  a t  o r  w i t h  the 
oxide f i l m  on platinum. All electrodes are not a l i k e  i n  t he i r  
detailed behavior, and we believe that  pseudo s teady-state  current-  
po ten t i a l  curves should be valuable i n  more searching evaluations of 
electrodes,  i n  studying the behavior of d i f f e r e n t  fue l s ,  and i n  deter-  
mining the e f f e c t s  of operating var iables .  

behavior of plat inized porous carbon electrodes i s  also seen when 
i n h i b i t i o n  behavior is considered. 

4 .  

The reverse change occurred when propane was supplied t o  the 

Under load the polar izat ion behavior of o l e f i n s  and paraff ins  

steady-state ' '  currents  increase t o  m a x i m a  between 0.6 and 0.7 

The importance of oxygen and oxide f i l m s  i n  determining the 

Air and Oxygen Inhibi t ion of 
Hydrocarbon Depolarized Electrodes 

Three general  types of i n h i b i t i o n  of hydrocarbon depolarized 
orous carbon electrodes have been described i n  t h i s  paper. These a r e  B 1) inh ib i t i on  of hydrocarbon oxidation a t  an oxygen or a i r  saturated 

electrode,  ( 2 )  i n h i b i t i o n  of a hydrocarbon saturated electrode by 
injected oxygen o r  a i r ,  and ( 3 )  i n h i b i t i o n  of a hydrocarbon depolarized 
electrode by extreme polar izat ion.  A l l  of these are probably d u e \ t o  
adsorbed oxygen o r  c a t a l y t i c a l l y  inac t ive  oxide films, y e t  they d i f f e r  
I n  d e t a i l .  Recovery of electrode a c t i v i t y  depends on the removal of 
the i n h i b i t o r .  The rate a t  which th i s  occurs will depend on the nature 
of the i n h i b i t o r  b u t  a l s o  on the f u e l  and operating conditions.  Some 
f a c t o r s  a f f ec t ing  electrode p o t e n t i a l  and i n h i b i t i o n  behavior w i l l  be 
discussed i n  the following sect ion.  

a .  Nature  of Mixed Anode Po ten t i a l s  

I n i t i a l l y ,  when two electrochemically a c t i v e  species contact 
d i f f e r e n t  s i t e s  on the surrace of an electrode,  p o t e n t i a l s  character-  
i s t i c  of the processes involved tend t o  develop a t  these two points.  
This causes e l e c t r o n s . t o  move i n  the conducting electrode i n  order t o  
equalize the po ten t i a l  of t h e  e lectrode surface.  
e lectrons from one species t o  the o the r  can occur, r eac t ions  proceed. 

If a n e t  t r ans fe r  of 
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The ne t  anode p o t e n t i a l  observed w i l l  be intermediate between the open- 
c i r c u i t  po ten t i a l s  tha t  would be observed f o r  the two r eac t an t s  separ- 
a t e l y .  
processes Fhich, i n  turn,  w i l l  be determined by t h e  p o l a r i z a b i l i t y  and 
e f f ec t ive  current density" as determined by r e l a t i v e  surface coverage 
f o r  each reactant .  To a l e s s e r  extent,  i t  w i l l  depend on ' the  geometry 
of the electrode, on the nay i n  which the two species a r e  d i s t r ibu ted  
on the surface,  and on the location of the connections of the 
potential-measuring device t o  the electrode,  

reduction of a hydrocarbon and oxygen a t  a plat inized elEctrode in 
contact w i t h  e l e c t r o l y t e  can be purely "electro,chemical. There need 
be no d i r e c t  contact of the react ing species.  I n  t h i s  sense th i s  
oxidation-reduction d i f fe rs  from d i r e c t  chemical react ion.  It differs  
a l s o  from heterogeneous c a t a l y t i c  oxidation-reduction processes where 
an e l ec t ro ly t e  is not present.  These, i n  general, a r e  believed t o  
require tha t  the r eac t an t s  contact o r  a t  l e a s t  be adsorbed close t o  
one another. Direct  chemical react ion can, of course, also be 
involved i n  t h e  e l ec t rode  recovery process. 

b .  Selective Adsorption and the 

I ts  magnitude w i l l  depend on the polar izat ion of the t'wo 

From t h i s  p i c tu re ,  it i s  obvious tha t  t he  coupled oxldation- 

Relative Strengths of Adsorption 
of Reactants and Inh ib i to r s  on Platinum 

( 1) Induction Period Due 
t o  Oxygen Adsorption 

( 8  

Oxygen is known t o  adsorb rapidly and completely t o  give a 
1:l r a t i o  of oxygen atoms t o  surface platinum atoms.8 
hand, coulometric methods show t h a t  only about loq& of the surface 
platinum atoms which w i l l  adsorb oxygen are  covered w i t h  propane a t  1 
atmosphere pressure i n  the presence of d i l u t e  s u l f u r i c  acid e l ec t ro -  
lytes .  Similar coverages are  obtained with ethane. Only s l i g h t l y  
higher coverages were obtained with ethylene and probably with 
propylene.4 Thus, when an electrode is exposed to  a i r  or oxygen 
before contacting w i t h  hydrocarbon, the c a t a l y s t  s i tes  which can 

covered. When placed i n  an e l ec t ro ly t e ,  tnis electrode GeveivyS tile 
oxygen p o t e n t i a l .  When propane or  propylene is  passed through th i s  
electrode,  the p o t e n t i a l  is not affected to any extent  a t  first. 
Gradually, a few molecules of oxygen leave the electrode surface and 
a r e  removed by the hydrocarbon stream; or  they a re  removed by a 
catalyzed chemical reduction. This allows the hydrocarbon access t o  
the  c a t a l y s t  s i t e s .  The amount of hydrocarbon react ing increases  as 
oxygen i s  removed; and then suddenly, as the amount of oxygen i s  
reduced t o  a low l e v e l ,  the hydrocarbon po ten t i a l  r e s u l t i n g  from 
chemisorption becomes dominant; and there i s  a sudden decrease i n  net 
anode po ten t i a l .  After  the oxide layer  has been removed (approximately 
0.55 v o l t ) ,  the p o t e n t i a l  approaches the open-circuit  p o t e n t i a l  

oxidation of the hydrocarbon and by the capacitance of t h e  i on ic  
double layer .  

drops below the open-circuit  hydrocarbon po ten t i a l  and then gradually 
r i s e s  t o  t h e  open-circuit  po ten t i a l .  This  may be due t o  formation of 
a p a r t i c u l a r l y  a c t i v e  c a t a l y s t  surface as  the oxide f i l m  i s  reduced. 

On the o the r  

catalyze the electrochemical oxidation of propane o r  propylene are f 

/ 

f 

logarithmically with time. The r a t e  i s  determined by the rate of f 

I 

r 
Following i n h i b i t i o n  of t h i s  kind (Figure 9)  , the po ten t i a l  i 
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\ 

This may survive long enough t o  dissociate  more propane than the u s u a l  
c a t a l y s t ,  giving a higher hydrogen atom concentration than i s  normal 
f o r  the electrode surface.  

Behavior after polar izat ion under load t o  the oxygen poten- 
t i a l  i s  very s i m i l a r  t o  t h a t  from oxygen inh ib i t i on  a f t e r  standing 
f o r  several  hours i n  the  presence of a i r  and absence of propane 
(Figure 11). Recovery a f t e r  polar izat ion and presumably a f t e r  the 
other  similar Inh ib i t i on  processes can be a s s i s t ed  by i n j e c t i n g  hydro- 
gen i n t o  the hydrocarbon feed (Figure 12 ) .  

a propane stream passing through the electrode does have some 
d i f f e ren t  c h a r a c t e r i s t i c s  (Figure 10) . This type of  i n h i b i t i o n  
requires  a comparatively l a rge  amount of oxygen. The propane adsorbed 
on t h i s  e lectrode m u s t  be displaced by oxygen, and t h i s  may be a 
comparatively slow process.  More than a monolayer of oxygen may a l s o  
be retained on the platinum o r  loosely adsorbed on the graphi te .  This 
may r e s u l t  i n  the more gradual t r ans i t i on  t o  the open-circuit  propane 
po ten t i a l  observed with t h i s  system. 

I f  i n h i b i t i o n  r e s u l t s  from in j ec t ion  of  a small amount of 
a i r  or  oxygen which i s  added t o  a stream of hydrocarbon passing 
through an electrode,  the e f f e c t  I s  immediate because open sites on 
the c a t a l y s t  surface a r e  avai lable .  I f  the amount of a i r  o r  oxygen i s  
not enough t o  displace a l l  of the hydrocarbon, electrochemical reduc- 
t i o n  and elimination of the added oxygen begins immediately and 
hydrocarbon p o t e n t i a l  is soon established again. 

shape, height,  and i n h i b i t i o n  peak po ten t i a l s  might lead t o  useful  
methods f o r  evaluating and studying the behavior of porous electrodes.  
However, the s i t u a t i o n  is  complex; and more study w i l l  be required 
before complete understanding o r  useful appl icat ion of i n h i b i t i o n  
techniques can be expected. 

Inh ib i t i on  to  the oxygen po ten t i a l  by oxygen In j ec t ion  i n t o  

A de t a i l ed  understanding of  the f ac to r s  which determine the 
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FIGURE 11 
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FIGURE 19 
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